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Abstract 
Starch is stored transiently in leaves during the day and degraded during the night to fuel respiration 
and continual growth. In seeds, starch is reserved for seed germination. We rely on starch as the 
main source of food energy and, in addition, it has a wide range of industrial applications. Rational 
design of starches for improved quality and quantity has significant global implications. 
This thesis describes an approach to study starch biosynthesis-structure relation through 
mathematical model developments. The structure of interest is the starch chain-length distribution 
(CLD). First, this thesis optimized procedures for obtaining accurate starch CLDs using size-
exclusion chromatography (SEC) and fluorophore-assisted carbohydrate electrophoresis (FACE) 
and found that the commonly used alkali dissolution method causes degradation in the long 
amylopectin chains and amylose chains. A milder dissolution procedure using dimethyl sulfoxide at 
80°C was found to be effective at minimizing artifactual results. Mathematical models for both 
transient and reserve starch biosynthesis are presented in this thesis which involve linear algebra 
and differential equations. Analytical solutions and considerable insight is obtained by expressing 
the solutions in terms of eigenanalysis. Numerical solutions of the models were computed by 
FORTRAN programs developed in this thesis. These models provide a means by which a small 
number of key parameters defining the core enzymatic activities can be used to parameterize starch 
CLDs, providing the basis for focusing studies on the rational design of starch structure. The 
reserve-starch biosynthesis model predicts defined restrictions on particular ratios of enzymatic 
activities apply. The model independently proved the absolute requirement of debranching enzymes 
for the synthesis of starch previously inferred by genetic and biochemistry studies. The model 
provides a mechanistic basis for understanding how successive arrays of crystalline lamellae are 
formed, based on the identification of two independent types of long amylopectin chains, one type 
remaining in the amorphous lamella, while the other propagates into, and is integral to the 
formation of, an adjacent crystalline lamella. The defined restrictions on ratios of enzymatic 
activities predicted by the reserve-starch biosynthesis model imply that starch CLD cannot be 
dramatically altered if the plant is to be viable. However, the model suggests that altering the 
specificity of branching enzymes so that different chain lengths are transferred during branching is 
a workable option for producing starch with altered CLD. This prediction is tested in a collaborative 
work by mutating the conserved amino acids in the catalytic domain of maize branching enzyme IIa 
(mSBEIIa). One of the so produced mSBEIIa mutant (R436K) was capable of transferring chains 
with a degree of polymerization (DP) of 7 like the wild-type mSBEIIa. The reserve-starch 
biosynthesis model predicts that a higher branching enzyme activities causes a lower amount of 
long amylose chains (degree of polymerization (DP) 700–40,000); branching enzyme activities 
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have no correlation with the short amylose chains (DP 100–700). The transient-starch biosynthesis 
model predicts the effect of different enzyme combinations on the rate of transient starch 
biosynthesis. It indicates that α-amylase, in addition to the core starch biosynthetic enzymes, is also 
involved in the modification of glucans for the synthesis of insoluble starch granules. The model 
predicts the involvement of β-amylase, in the absence of α-amylase in mutants, slows the rate of 
attaining a crystalline-competent CLD for crystallization of glucans to form insoluble starch. This is 
consistent with the minor role of β-amylase in shaping normal starch synthesis. The model predicts 
that debranching of glucans is an efficient mechanism for the attainment of crystalline-competent 
CLD; however, attaining this is still possible, albeit significantly slower, through combinations of 
α- and β-amylase in the absence of isoamylase-type debranching enzyme. 
This thesis is a step forward on the fundamental research on processes that are involved in starch 
the regulation of starch synthesis and granular formation for the rational design of starches. 
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Chapter 1: Overview of starch biosynthesis-structure-property relationship 
Starch: an important agricultural commodity 
The worldwide production of the most important cereal crops, which include wheat, rice and 
maize, as listed in The Food and Agriculture Organization of the United Nations (FAO; 
http://www.fao.org/) in 2012 amounts to roughly 2282 million tones. Considering the starch content 
of these crops (i.e. wheat 65%; rice 90%; and maize 70%), this equates to 1700 million tonnes of 
starch produced. Thus, an important objective of global significance is to expend our ability in the 
rational design of starch structure. Designed starches can be used for four general purposes: for 
energy, for their food organoleptic properties, for human and animal nutrition, and for industrial 
feedstock [1]. One way to achieve this is the focusing of fundamental research on processes such as 
the complex genetic and biochemical interactions that are in involved in the regulation of starch 
biosynthesis and granule assembly [1,2]. It is then valuable to develop a mechanistic model for the 
biosynthesis-structure relation of starch to accelerate efforts to understand granular starch 
biosynthesis, which can provide a basis for focusing efforts to manipulate starch structure and 
functionality using a series of testable predictions based on a robust mechanistic framework. 
Starch metabolism in plants 
Photosynthesis is a process for assimilating carbon to provide energy for plant growth. In most 
plants, the assimilated carbon is partitioned between sucrose, which is immediately available for 
growth, and transient starch, which accumulates transiently through the day in leaf chloroplasts. 
Arabidopsis plants grown in standard growth room conditions (e.g. a 12-h photoperiod with 150 
µmoles photon m–2 s–1 quantum irradiance, 20°C, 70% relative humidity) partition ~40% of their 
newly-assimilated carbon into starch [3]. The leaf starch is degraded during the following night to 
provide a continued supply of sugar to sustain metabolism and for export to reserve tissues such as 
the developing cereal endosperm throughout the night. Storage starch in cereal endosperm is a long-
term carbon store for the next generation. It is degraded to supply carbon for seed germination. 
Starch biosynthesis 
Starch synthesis in leaf chloroplasts is preceded by a series of processes involving the Calvin 
cycle and the actions of several types of enzymes which convert the assimilated carbon to the 
soluble substrate of starch synthesis, adenosine 5!-diphosphate glucose (ADP -glucose) (e.g. 
described in ref. [4,5]). In non-photosynthetic tissues such as cereal endosperms, ADP-glucose is 
derived from sucrose by several types of enzymes (e.g. described in ref. [5]). In the developing 
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cereal endosperm, ADP-glucose is largely (i.e. 85-95%) synthesized in the cytosol, but plastidial in 
other cereal tissues and in all tissues of non-cereal plants (reviewed in ref. [5,6]). 
In both leaves and cereal endosperm, starch synthesis requires the coordinated action of multiple 
isoforms of the three core enzymes [7]. ADP-glucose is transferred to the non-reducing end of an 
existing α-(1→4) linked glucan chain, thereby elongating it, by (1) SSs (starch synthases). There 
are five isoforms of SS: granule-bound SS (GBSS), SSI, SSII, SSIII, and SSIV. Only GBSS is 
found exclusively bound to, and buried within, the starch granule, whereas the other SSs are 
localized in the plastid stroma and, in some cases, a fraction of the protein is bound to starch 
granule [5]. (2) Starch branching enzymes (SBEs) are responsible for generating new branches via 
α-(1→6) linkages. There are two classes of SBEs: SBEI and SBEII. Most plants studied to date 
have representatives of both classes. (3) Debranching enzymes (DBEs) catalyize the hydrolysis of 
α-(1→6) linkages which results in branch removal. DBEs can be classified into two groups: 
pullulanase (PUL)- (or limit-dextrinases) and isoamylase (ISA)-type DBE. The ISA-type DBE can 
be subdivided into three: ISA1, ISA2 and ISA3. The roles of the above cited enzymes in starch 
biosynthesis have been reviewed in ref. [5,8,9] and are also described below with respect to 
amylopectin and amylose biosynthesis. 
Amylopectin synthesis 
Elongation of amylopectin chains is carried out by SSI, SSII, and SSIII. There is good evidence 
that each SS isoform preferentially elongates amylopectin chains of particular lengths (reviewed in 
ref. [5,8,9]). However, it should be noted that the function of these SSs is not absolutely distinct 
from each other. For example, SSIII is partially redundant with SSI for producing chains with DP 
8–11 [10], and the change in the chain-length distribution (CLD, see Overview of starch structure 
and analytical techniques) of a double mutant is not exactly the sum of the changes in the two 
constituting single mutants [10]. 
SSI, the major amylopectin synthesis SS, preferentially synthesizes DP 8–12 chains from DP 6–
7 chains. Arabdiopsis [11] and rice [12] lacking SSI show relative deficiencies in DP 6–12 chains in 
the CLD. Amylopectin chain-length profiling analyses using SSI-specific gel excised bands 
confirms that SSI preferentially synthesizes DP 7–11 chains by elongating DP 4–7 chains [12]. SSII 
synthesize DP 13–25 chains from DP ≤ 11 chains. Maize sugary2 mutants, barley sex6 and wheat 
sgp1 mutants, all lack SSIIa exhibit a significant increase in the abundance of DP ≤ 11 chains and 
decrease in the relative abundance of DP 13–20 chains [13-15]. In the rice ssIIIa mutants, DP 6–8, 
DP16–20, and DP ≥ 30 chains are reduced, whereas chains of DP 9–15 and DP 22–29 in increased 
[16,17]. In an in vitro experiment, a purified SSIIIa fraction from rice endosperm was found to 
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synthesize long chains from DP ≤ 11 with glycogen as primers [12]. These studies indicated that 
SSIII contributes to the synthesis of DP ≥ 30 chains [9]. It appears that in Arabidopsis SSIV only 
has a minor effect on the CLD (slight reduction in DP 7–10 chains) [18]. The role of SSIV resides 
with starch granule initiation. Szydlowski et al. [19] showed that SSIV and also SSIII are directly 
involved in starch granule initiation in Arabidopsis. Little is known about the function or role of 
SSIV in cereal endosperm [9]. 
SBEs are responsible for generating new starch branches. SBE cleaves an α-(1→4) linkage on a 
donor chain and transferring the donor segment to a new α-(1→6) position, forming a new branch, 
leaving the residual segment behind. There are two classes of SBE: SBEI and SBEII. In monocots, 
the SBEII class is made up of SBEIIa and SBEIIb [8]. SBEIIa is ubiquitously present in cereal plant 
tissues, whereas SBEIIb is specifically expressed in the endosperm [9]. 
The different isoforms of SBE have different functions and roles in starch biosynthesis. SBEI 
preferentially transfers longer donor segments and shows higher rate of branching with amylose 
substrate, whereas SBEII transfers shorter segments preferentially on amylopectin substrate [8,9]. 
Nakamura et al. [20] conducted detailed characterization of the functions of SBEI, SBEIIa, and 
SBEIIb from rice endosperm and showed that not only do they differ in substrate specificity, but 
also their functions are substrate-dependent. When reacting with synthetic amylose (total DP 6510), 
SBEIIb predominantly transfers DP 7 followed by DP 6 plus higher DP chains (Figure 3 of ref. 
[20]). The same figure also showed that SBEIIa predominantly transfers DP 6 followed by DP 9; 
SBEI predominantly transfers DP 11 followed by DP 6 and a larger amount of higher DP chains. 
When reacting with “short amylose” (average DP 59), SBEIIa did not show substantial change, 
whereas SBEI predominantly transfer DP 30 followed by DP11 chains (Figure 5 of ref. [20]). The 
roles of these SBE isoforms were proposed by Nakamura et al. [20] as follows. SBEI transfers long 
chains for branching at the forming adjacent lamella and SBEII generate short branches within the 
adjacent lamella that later forms a crystalline lamella. Other reports also studied the functions of 
SBEs. Guan et al. [21] and Rydberg et al. [22] both showed similar trend in the transferred chains 
with maize and potato SBEI and SBEII, respectively, when reacting with amylose (total DP 850) 
and linear dextrins, respectively. From these results, it appears that DP 6 is the minimum chain 
length generated, which implies a minimum length constraint for the transferred and/or the residual 
segments. Nielsen et al. [23] characterized the outer layer of growing starch granule in Arabidopsis 
and found DP 6 chains, the shortest abundant chains formed, are formed exclusively by transfer 
from DP 12 or longer donor chains. This implies that both the transferred and/or the residual 
segments have a minimum length constraint of DP 6. 
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DBEs, especially the ISA-type DBEs, are required in starch synthesis. Mutations affecting the 
ISA-type DBE result in reduced or abolished starch synthesis in many plant species (see ref. [24] 
for a brief review) and cause the accumulation of a soluble, more highly branched glucan 
phytoglycogen. Biochemical characterizations, indeed, show ISAs can efficiently debranch 
glycogen and amylopectin but cannot attack pullulan [25]. Interestingly, such a prominent 
phenotype, however, is not observed in mutations affecting SSs or SBEs [5]. Different isoforms of 
the ISA-type DBE (i.e. ISA1, ISA2 and ISA3) have different catalytic properties, which suggest 
different role in starch metabolism [26]. It was found that ISA1 and ISA3 in potato are likely to 
have hydrolytic activity, while ISA1 and ISA2 act together to debranch soluble glucan [26]. In 
Arabidopsis leaves and potato tubers, both ISA1 and ISA2 are required for starch synthesis as they 
are the constituting subunits of a heteromultimer in vivo [24,26-28]. In Arabidopsis, both AtISA1 
and AtISA2 genes are required to produce the heteromultimer, named Iso1, which contributes to the 
major isoamylase activity [24,27]. A recent study showed that both the ISA1 homomultimer and 
ISA1/ISA2 heteromultimer function in maize leaves [29]. It appears that this difference may be 
ascribed to evolutionary divergence between monocots and dicots [28,29]. However, it should be 
noted that even within monocots, there are differences in the ISA structures and functions between 
different plant tissues. In maize endosperm [30], both ISA1 homomultimer and ISA1/ISA2 
heteromultimer can support starch synthesis; while in rice endosperm [31], only the ISA1 
homomultimer is essential, but not the ISA1/ISA2 heteromultimer. 
There are several models of the role of DBEs in the synthesis of insoluble starch. The current 
prevailing model is the glucan-trimming model [32]. This model proposed that the ISA-type DBE is 
required for trimming of improperly positioned branches on precursor molecules called pre-
amylopectin which are incorporated in insoluble starch granules. These improperly positioned 
branches, because of their positions, are said to delay (or prevent) crystallization. Both Myers et al. 
[32] and Delatte et al. [24] opined viewed that precursor molecules that do not crystallize efficiently 
are susceptible to a continued enzymatic modifications, which may or may not feature in normal 
starch synthesis, leading to phytoglycogen and/or modified amylopectin. Other models are reviewed 
in ref. [32]. One of them, referred to as the water-soluble polysaccharides (WSP)-clearing model 
[33], proposes that DBEs function in the degradation of WSPs, a product of SSs and SBEs, which 
compete which starch synthesis for biosynthetic enzymes. This model suggests that DBEs are not 
directly involved in the synthesis of insoluble starch granules. 
Despite the recognized understanding of the roles of DBEs, some recent studies argued against 
its mandatory role in starch granule formation. Arabidopsis mutants lacking all four DBE proteins 
(ISA1, ISA2, ISA3 and PUL) are devoid of starch granules; however, the additional loss of the 
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chloroplastic α-amylase partially restored starch granule biosynthesis [34]. The authors in ref. [34] 
suggest that while DBEs participate, they are not essential in the model plant Arabidopsis. It is 
noted that the so formed insoluble glucan particle in the DBE mutant appears drastically different to 
normal starch granules [34]. At least, this suggests DBEs are essential for normal starch granule 
formation. There is no equivalent study on starches in cereal endosperms to date. 
ISA3 can partially compensate for the function of ISA1 in starch biosynthesis [35]. In 
Arabidopsis leaves, the accumulated starch in mutants lacking both ISA1 and ISA3 is a 5- to 10-
fold reduction by comparison to the ISA1 mutant [35]. It is speculated that in maize [30] 
endosperms, ISA3 may be involved in starch biosynthesis in the absence of ISA1/ISA2 
heteromultimer. In rice [36], ISA3 is speculated to contribute to a trace amount of starch-like α-
glucans in the absence of ISA1 and PUL. However, at least in Arabidopsis leaves, the major role of 
ISA3 is in starch mobilization [27,37]. 
The role of PUL-type DBE is less well defined compared to ISA-type DBEs [9]. Biochemistry 
studies show it acts on pullulan, a maltotriose units linked by α-(1⟶6) linkages [25], and dextrins 
produced through α-amylase during starch degradation [27]. In rice [36] and maize [38] 
endosperms, PUL-type DBE deficiency did not lead to distinct phynotypes  as seen for the ISA-type 
DBEs mutants (described above); nor were there significant modifications in the amylopectin CLD. 
In Arabidopsis [27] and maize [38] leaves, however, the modification in the amylopectin CLD is 
more pronounced, which appears to be species dependent. These suggests PUL may have 
redundant, but minor, functions during starch biosynthesis. However, in Arabidopsis leaves [27], 
maize [38] and rice [36] endosperms, a defect in PUL in addition to defective ISA activity led to a 
more severe phenotype of phytoglycogen accumulation [27,35]. In Arabidopsis ISA2 and PUL-type 
DBE double mutant Atisa2/Atpu1, starch content is further reduced compared to that in just the 
absence of Iso1 in mutant defective of AtISA1 or AtISA2. These results indicate that when ISA1 is 
lacking, PUL can partially compensate for the loss [35,36]. 
Amylose synthesis 
Amylose is synthesized within the existing granular matrix, whereas the bulk of amylopectin 
synthesis occurs at the surface of the starch granule [39]. Granule-bound starch synthase (GBSS) is 
responsible for the elongation of α-(1→4) linked glucans for amylose synthesis [39]. GBSS is 
almost entirely granule-bound [39]. In GBSS-reduced potato tubers, amylose is only deposited deep 
within starch granules [39]. It is possible that the structure of the granular matrix can influence the 
mechanisms involved in amylose synthesis. For example, it is likely that the lightly branched nature 
of amylose molecules is because only a low level of starch branching enzymes are found within 
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starch granules, and/or that the granule matrix may influence the activity of the enzymes trapped in 
the granule matrix. The occasional α-(1→6) branch point are said to be when a growing amylose 
chains randomly collide with a granule-entrapped branching enzyme [40]. It is believed that 
debranching enzymes (DBE; both the isoamylase (ISA)- and pullulanase (PUL)-types) do not 
directly participate in the synthesis of amylose. Based on this assumption, any involvement of 
debranching enzymes in amylose synthesis are likely to be indirect [41]. Sorghum mutants with 
increased PUL-type DBE activity have a relatively larger proportion of chains with DP > 200 and a 
smaller proportion of DP < 200 branches in the CLD [41]. Li et al. [41] envisaged that glucan 
materials released by the PUL-type DBE are recycled and contribute to the elongation of amylose 
branches. On the other hand, lowering the PUL-type DBE activity does not appear to have any 
effects on amylose CLD. Rice mutant with reduced PUL-type DBE activity show virtually identical 
apparent amylose content (determined from the RI profile of debranched starch) [36]. 
Other enzymes in starch biosynthesis 
The enzymes discussed for amylopectin synthesis are the key actors essential for starch 
synthesis, hypotheses have emerged that other types of enzymes could contribute to transient starch 
synthesis under specific circumstances. For example, in the absence of all DBEs, glucans are 
susceptible to α- and β-amylolysis [34]. α-amylase (AMY) (EC 3.2.1.1) is an endoamylase 
hydrolyzing α-(1⟶4) linkages to release soluble glucans, either linear or branched. While AMY is 
known to be the main enzyme involved in the degradation of storage starch granules during cereal 
seed germination, its role may differ in transient starch degradation in leaves [42]. Three isoforms 
of AMY have been described in Arabidopsis with only one chloroplasticly localized AMY3 
(AtAMY3) [43]. Mutants for each of the AMY or combinations do not show any alternation in the 
diurnal pattern of starch turnover [43], which could suggest that there is no involvement of AMY 
during the transitory starch synthesis or degradation phases. However, recent work from Streb et al. 
[37] refuted that postulate, suggesting a key role of AtAMY3 in starch catabolism. Very recently, 
Seung et al. [44] have described a light-dependent redox activation of AtAMY3, suggesting a 
counterintuitive activation of this endoamylase during starch synthesis. 
An exoamylase, β-amylase (BAM), hydrolyzes every second α-(1→4) linkage from the non-
reducing end to release maltose. BAM stops hydrolysis 2 – 4 glucose residues ahead of a branch 
point on the glucan branches generated by the branch points, or on those that carry other branch 
points. It is the major enzyme for transient starch granule breakdown in leaves. Lack of BAM leads 
to a starch-excess phenotype in the leaves of potato and Arabidopsis which is caused by a slow rate 
of degradation of starch over the dark period [45,46]. Phosphorylation of transient starch plays a 
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crucial role in initiating degradation of the granule [47]. Two sets of genes, Glucan-Water-Dikinase 
(GWD) and Phospho-Glucan-Water-Dikinase (PWD), have been shown to phosphorylate starch in 
plants [48,49], both catalyzing the transfer of the β-phosphate from ATP to a glucosyl residue in the 
C-6 and C-3 position, respectively [50]. The limit-Dextrinase (Disproportionation) enzyme, or D-
enzyme, (DPE) (EC 2.4.1.25) is also present in Arabidopsis chloroplasts and has been described as 
being involved in starch metabolism in Chlamydomonas reinhardtii [51,52]. However, the 
Arabidopsis DPE mutant accumulates starch at a normal rate [53] and therefore its involvement in 
transient starch synthesis in Arabidopsis remains unclear. Finally, it was shown in Chlamydomonas 
and rice that starch phosphorylase (SP) (E.C 2.4.1.1) is involved in storage starch synthesis [54,55]. 
However, in rice endosperm, mutation in the Pho1 gene that resulted in a deficient in plastidial 
phosphorylase (Pho1) has insignificant effect on the amylopectin CLD [56,57]. Based on this, SP 
does not appear to have a major role in determining amylopectin CLD. Whether SP has the same 
role or effect on amylopectin CLD in leaf transient starch synthesis is currently not known [58]. 
Overview of starch structure and analytical techniques 
Starch is packaged as individual starch granules inside amyloplasts (e.g. in cereal endosperms) 
and chloroplasts (e.g. in leaves). Starch granule has a complex hierarchical structure. There are at 
least five structural levels (reviewed in, e.g., ref. [59-61]). These comprise: (1) individual glucose 
polymer chain linked by α-(1→4) glycosidic linkages, joined by α-(1→6) glycosidic linkages 
(branch points) to give (2) slightly branched amylose with molecular weights typically averaging 
~106, or highly branched amylopectin molecules with molecular weight averaging ~108. In starch 
granules, (3) the adjacent branches of amylopectin, made by the clustered branch points as in the 
cluster model of amylopectin (see the next paragraph), intertwine as double helices which in the 
plant are packed together in a crystalline lamella; the branch points themselves reside in the 
amorphous lamella. These form (4) alternating layers of crystalline and amorphous lamellae; these 
in turn form a semi-crystalline “growth ring” which alternates with an amorphous growth ring. The 
growth rings are deposited in a concentric manner making up a (5) starch granule. The precise 
location of amylose within the granule is still under debate and several models have been proposed 
[60]. The most popular model is that individual amylose chains that are interspersed in the 
semicrystalline and amorphous regions [62-64]. Endosperm starches generally contains about 70–
80% amylopectin and 20–30% amylose, whereas leaf starches have much lower amylose contents 
[4]. 
The cluster model of amylopectin is the widely accepted model for depicting the branched 
structure of amylopectin. In the cluster structure, A-chains carry no chains and are linked to the 
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other chains at their reducing end, while B-chains carry one or more chains. Adjacent chains could 
intertwine to form double helices. B-chains, in approximately the same direction as A-chains, may 
span one or more clusters of A-chains, interconnecting clusters and/or form double helices. The 
only chain that contain a reducing terminal in an amylopectin molecule is called the C-chain. Such 
structure has been ascribed to the actions of the biosynthetic enzymes (e.g.,[65]). Despite the 
success of the cluster model, it does not always agree with experimental results, and an alternative, 
two-directional backbone model was proposed. In this case, the double helices are considered to be 
approximately perpendicular to the backbone chains. Again, the double helices gather in clusters 
(e.g., [66]). Despite both models being able to explain experimental results, no direct evidence of 
either has been generated and both models remain theoretical. 
Chain-length distribution of starch 
The level 1 structure of starch is termed the chain-length distribution (CLD), which is 
conventionally defined as the relative number of α-(1→4) linked glucan chains as a function of 
degree of polymerization (DP) Nde(X). The subscript “de” denotes the fact that these glucan chains 
are obtained from unrestricted hydrolysis of α-(1→6) branch points on starch molecules by 
isoamylase-type debranching enzymes. Chains with DP up to 100 predominantly originated from 
amylopectin molecules; higher DP chains (up to DP 10,000) are predominantly from amylose 
molecules. Figure 1.1A shows a typical SEC weight distribution of rice starch CLD obtained by 
size-exclusion chromatography (for details, see “Techniques and assumptions for starch CLD 
analysis” section); Figure 1.1B shows the (log) number distribution equivalent for the first 200 DP. 
Presenting starch CLD as SEC weight distribution brings out features in the amylose fraction of the 
starch CLD; some of the amylose features are barely visible in the log number CLD (e.g. Figure 
S1.1). As will be seen later, the (log) number distribution is the best for presenting the amylopectin 
fraction of the starch CLD. 
A typical amylopectin CLD is the number distribution as obtained by fluorophore-assisted 
carbohydrate electrophoresis (for details, see “Techniques and assumptions for starch CLD 
analysis” section) (Figure 1.1C). A conventional and empirical way of treating the number 
distribution is by dividing the CLD into fractions over different arbitrarily-choosen DP ranges 
(Figure 1.2A). The lesser range in Figure 1.2A is because that, as seen from Figure 1.1C, 
information in the higher DP range is often barely visible in conventional number plots. Hizukuri 
[67] observed that amylopectin CLD is polymodal and categorized the fractions of CLD to reflect 
their possible organization in amylopectin molecule. The fractions are A-, B1-, B2-, B3-, B4-chains 
(Figure 1.2A). A-chains are defined as being unsubstituted by other chains and connected through 
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an α-(1→6) branch point to the rest of the molecule; B-chains are substituted by one or several 
other chains; B2 and B3 chains span two and three crystalline lamellae, respectively. Such 
categorization of the amylopectin chain has since been further refined (reviewed in ref. [60]). 
However, the fractions are not likely to be distinctly separated: for example, the A- and B1-chains 
may well have chains with same lengths. 
 
Figure 1.1. Chain-length distribution (CLD) of a rice (Nipponbare) starch presented in different 
forms and ranges. (A) The SEC weight distribution, wde(logX), as a function of degree of 
polymerization X as obtained by size-exclusion chromatography. Crosses mark the two apparent 
features in the amylopectin range named AP1 and AP2; AM1 and AM2 are the two apparent 
features in the amylose range. (B) The log number distribution of chains, log10Nde(X), as a function 
of X, replotted from (A) for X ≤ 200. (C) Nde(X) of a typical rice starch CLD as obtained by 
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fluorophore-assisted carbohydrate electrophoresis. (D) log10Nde(X) as replotted from (C). Crosses 
and letters indicate the features in the CLD. 
 
 
Figure 1.2. Nde(X) of barley starch and their possible difference plots. (A) Normal barley starch 
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CLD (black circles connected by black lines) and high-amylose barley starch from SSIIa mutant 
(red circles connected by red lines). The dotted lines distinguish the different fractions of 
amylopectin chains according to Hizukuri [67]. (B) Difference plot from subtracting the Nde(X) of 
normal barley starch from that of the high-amylose barley starch. (C) Analogous to (B) but 
subtracting high-amylose barley starch from normal barley starch. The shorter range of X presented 
here is because there is no need for the full range as features are not visit with the conventional 
number plots at the high X range. 
 
A conventional way of treating starch CLD is the difference plot (Figure 1.2B, C): subtracting 
one CLD from another reference CLD. Difference plots have been instrumental in elucidating the 
function of starch biosynthetic enzymes, for example, in grain of Nipponbare, which lacked 
functional starch synthase IIa (SSIIa), short chains of DP 7-11 are enriched and those of DP 13–23 
are suppressed. These data suggest SSIIa has a role in the elongation of DP 7–11 chains to give DP 
13–23 chains [68]. Corresponding trends are seen in barley SSIIa mutants (Figure 1.2), which were 
first analyzed in ref. [69]. Umemoto et al. explained that with the SSIIa defect, short A-chains could 
not reach a sufficient length for branching enzymes to act on them to produce B1-chain [68]. This 
implies a change in the amylopectin structure to the s-type, as described by Nakamura et al. [70]. 
However, there are two disadvantages of using the difference plot treatment. (1) Information in the 
higher DP range is often barely visible (Figure 1.2). (2) The interpretation of difference plots is 
dependent on the order of subtraction (i.e. one could give either difference plot as shown in Figure 
1.2B or C) which, if not careful, can lead to false interpretations. 
Parameterization of starch CLD 
Normalization of CLD is arbitrary, and therefore, it is best presented as the logarithmic of the 
number distribution (Figure 1.1D), which also has the benefit to bring out features at the higher DP 
range, as well as being a form based on mechanistic precepts [71-73]. It is noted, however, that the 
conventional number plot reveals greater details at the lower DP range (Figure 1.1C). It can be said 
that the way of plotting depends on the sort of information desired. 
Wu et al. [71] developed a mathematical model of amylopectin biosynthesis which 
parameterizes amylopectin CLD with parameters that resemble ratios of the core enzyme  activities 
(i.e. starch synthase (SS), starch branching enzyme (SBE) and debranching enzyme (DBE)). The 
model suggests that the distinct features in amylopectin CLD are ascribed to particular components 
of the CLD and that there are multiple components (i.e denoted by (i), (ii) and (iii)… etc.) which 
sum together to give the overall CLD (Figure 1.1D). A given component of the CLD often 
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dominates some range of DP in the CLD, but there are overlaps between components. Each 
component is modelled by a set of the core enzymes, i.e. one each of SS, SBE and DBE. However, 
these enzyme lables may have no relation with any of the actual genetic form [71]. One application 
of the parameterization offered by the model is it can replace the difference plot of Nde(X) [71]. 
More examples of how such parameterization is needed to show this can provide insights into starch 
biosynthesis, in addition to being an alternative method for presenting CLDs. 
Features in the amylopectin fraction of starch CLD 
An alternative way of designating different regions of the starch CLD, other than that proposed 
by Hizukuri [67], was proposed by Wu et al. [71] which has been refined since and described as 
follows. 
Feature A is a small shoulder, or sometimes just a slope at very low DP, which arises from the 
way that SBEs act [71,74]. An SBE cleaves a branch into two segments; the donor segment is 
transferred to an α-(1→6) position, forming a new branch on the same or another branch. Both the 
donor and residual segments continue to elongate (through a starch synthase). There is a minimal 
chain-length requirement on both the donor and the residual segments, denoted Xmin and X0, 
respectively [20,21,23,71]. Thus SBE cannot cleave chains with a DP less than Xmin + X0. Feature A 
is due to the minimum chain-length requirement for the residual segment. 
Feature B is the global maximum, which lies between Xmin and Xmin + X0,[71] followed by a 
decreasing slope, typically over DP 13–33. Features A and B correspond to typical branch lengths 
that are confined to a single lamella. DPs around the global maximum are predominantly formed by 
an action of a set of starch-biosynthesis enzymes, denoted enzyme set (i). [71,74] An ‘enzyme set’ 
comprises one particular type of starch synthase (one of SSI, SSII, SSIII, and SSIV), one particular 
type of branching enzyme (SBEI, SBEIIa, SBEIIb), and one particular type of debranching enzyme. 
A small shoulder after the global maximum in this range (Feature C, at DP 15 to 18) is 
frequently apparent, which is where chains formed from a second enzyme set become significant. 
The small change in the shape of log10Nde(X) after this small shoulder suggests that this enzyme set 
(ii) acts similarly to enzyme set (i). 
For DPs 32–34, there is a second maximum or shoulder with distinctly different shape (made up 
of Features D and E), corresponding to chains which span two crystalline lamellae.[74] Features D 
and E for these crystalline-lamella spanning chains are likely to arise from similar enzymatic 
mechanisms to those that gave Features B and C for single-lamella ones (see above). In the example 
shown in Figure 1.1D, Features F and G show the chains that span three crystalline lamellae. Again, 
it is expected that the enzymatic mechanisms for Features F and G are similar to that for Features B 
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and C. Feature H appears as a monotonically decreasing slope and is approaching the chain length 
for that of amylose, where there is no apparent feature (e.g. Figure 1.1D). Features F and beyond 
are only apparent because the data of Figure 1.1D span a significantly larger range of DP than is 
normal for FACE. 
Features in the amylose fraction of starch CLD 
Figure 1.1C shows a rice starch CLD obtained using SEC; these data are shown both as 
log10Nde(X) with a linear X axis, and as the corresponding weight distribution wde(log X) with a 
logarithmic X axis. These are obtained from the experimental SEC distribution using Eqn 1.1, 1.3, 
and 1.4. One sees that a monotonically decreasing Nde(X) will have a maximum in wde(log X): e.g. 
the common form Nde(X) = exp(–αX) (found in free-radical polymerization [75]) becomes wde(log 
X) = X2exp(–αX). 
The following features are apparent in Figure 1.1C. The amylopectin CLD is seen at low DP; 
this is similar to the FACE data in Figure 1.1A, but the band broadening inherent in SEC means that 
fine structural features apparent from FACE data are not seen. In Figure 1.1D, one sees the amylose 
chains at DPs above 100. There are several features in the amylose fraction of the CLD which is 
seen in published data but has only been commented on recently [76]. There are at least two 
separate maxima in the amylose chains, at X ~ 300 and 1800, on the wde(log X) plot (marked AM1 
and AM2, respectively). This suggests more than one set of enzymatic processes for the amylose 
biosynthetic process. 
Techniques and assumptions for starch CLD experimental analysis 
Three methods are commonly used to obtain Nde(X) from the glucan chains: fluorophore-assisted 
carbohydrate electrophoresis (FACE) [77,78], high-performance anion-exchange chromatography 
(HPAEC) [79,80], and size-exclusion chromatography [81] (SEC, also sometimes termed GPC, gel-
permeation chromatography). 
FACE involves derivatizing the glucan chains at the reducing end (Figure 1; there is exactly one 
reducing end per glucan chain) with a charged fluorophore through reductive amination. The 
fluorophore APTS, 8-amino-1,3,6,pyrenetrisulfonic acid, is well suited because its absorption and 
emission characteristics are ideal for many standard laser-induced fluoresence (LIF) detectors [82]. 
Other labels have also been tested with some advantages under various circumstances[83]. It is 
essential to ensure that the radiolabelling technique has a consistent labeling efficiency regardless of 
chain length (evaluation has been carried out for APTS up to a DP of 135 [78]). The radiolabelled 
glucans chains are then separated using capillary electrophoresis (CE), and the relative fluorosence 
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intensity (RFI) measured with a LIF detector. The RFI as a function of migration time is the raw 
signal, the electropherogram. FACE has the great advantage that individual glucan chains appear as 
separated peaks in the electropherogram (e.g. O’Shea and Morell [82]). Such baseline resolution, up 
to the 100th peak or higher, depending on the pretreament of the sample and the condition of the CE, 
is ideal for analyzing amylopectin CLD. Calibration is simple: one adds a marker of known DP, 
such as maltohexaose (DP6); because each DP is baseline-resolved, the DP corresponding to each 
peak in the sample is obtained merely by counting, because each peak corresponds to a sequential 
DP. The area under the peaks in the electropherogram gives Nde(X) directly. 
Like FACE, HPAEC also offers baseline resolution of individual peaks and yields Nde(X) 
directly. CLD data from HPAEC are more common in the literature than those from FACE, because 
the instrumentation is more widely available. However, a problem with HPAEC is that the detector 
used, pulsed amperometric detection (PAD), gives a different response for chains of different length. 
Therefore, the peak area in a HPAEC chromatogram does not directly reflect the CLD [84], and 
thus data are only semiquantitative. Wong et al.[80] devised a method, very laborious to use, that 
can potentially overcome the detection problem with PAD. An additional postcolumn enzyme 
reactor with immobilized amyloglucosidase (AMG) converts HPAEC-separated glucan chains to 
glucose before analyzing with PAD. This HPAEC-ENZ-PAD system was shown to detect glucan 
chains with a DP up to 77. However, the disadvantage of the system is that the conversion of glucan 
chains into glucose may not be quantitative, because short glucan chains such as maltose and 
maltotriose are more resistant to AMG hydrolysis. 
SEC is also more common than FACE. It is essential to ensure that the SEC eluent and operating 
conditions used do not induce artefacts caused by retrogradation (partial crystallization of linear 
glucan chains from debranching of starch before or during the separation and detection steps); see 
for example Hernandez et al. [85] noted that SEC has the great advantage over FACE and HPAEC 
that the signal of the most common type of detector, differential refractive index (DRI), is 
proportional to molecular weight for linear glucans, and thus SEC can detect DPs orders of 
magnitude greater than is possible with FACE or HPAEC; however, SEC data suffer from band 
broadening and thus cannot reveal the fine structure apparent in both FACE and HPAEC (see 
below), nor be used for previse quantitative comparison with models. The signal obtained using a 
DRI detector in SEC is not Nde(X) itself, but instead is given by the corresponding SEC weight 
distribution, wde(logX). The two are related by Eqn 1.1 [73,75]: 
SEC signal DRI detector( ) = wde log X( ) = X 2Nde X( )  Eqn 1.1 
For a linear glucan, the relation between molecular weight and DP is: 
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M =162.2X +18.0  Eqn 1.2 
Here 162.2 is the molar mass of the anhydroglucose monomeric unit and 18.0 that of the 
additional water in the end groups. 
The actual relation between DRI signal SDRI(Vel) at a given elution volume Vel and wde(logX) 
requires some data processing [75,86,87]: 
wde logM( ) = −SDRI Vel( )
dVel
d logM
 Eqn 1.3 
and is usually performed by the SEC software. The dependence of elution volume (which depends 
on the experimental set-up and operating conditions) on molecular weight (which is a molecular 
quantity, independent of running conditions), is the calibration curve, Vel(logM). This is obtained 
using a range of narrowly dispersed molecular weight samples. The factor of X2 in Eqn 1.1 arises 
from two effects. The first is, as stated, that the DRI signal is proportional to mass, which accounts 
for one of the factors of X in Eqn 1.1. The second is because the calibration curve Vel(M) is 
approximately linear in logM over a significant range, and the second factor of M (or X) in Eqn 1.1 
comes from the dVel/dlogM term in Eqn 1.3, this 1/d log M term then being proportional to M. 
The standards used for calibration of SEC for starch are not highly monodisperse linear glucans 
from debranching of starch, as these are unavailable. Instead pullulan standards are usually 
employed. This means that the molecular weight axis is in fact that of the standard, not of the 
starch. There are two ways around this problem. 
The first is to measure the molecular weight of the eluting sample at a given elution volume 
directly, using a multiple-angle laser light scattering (MALLS) detector. This in turn requires the 
value of the variation of refractive index with polymer concentration in the eluent, dn/dc. While a 
good MALLS signal is hard to obtain at low molecular weights, recent advances in MALLS 
detectors make this possible in systems in which the value of dn/dc is not too low, such as aqueous 
eluents [88] (note however that the value of dn/dc used in this reference was found with an 
amylodextrin of low DP obtained by degrading starch with HCl; this is a branched molecule, and 
because the value of dn/dc depends on the branching structure, the value is incorrect for the analyte, 
which is unbranched). 
The second is to use the universal calibration assumption [89,90] that the SEC separation is 
solely a function of the analyte’s hydrodynamic volume (Vh), not its composition or structure. For 
SEC, Vh is proportional to the product of the weight-average intrinsic viscosity and the number-
average molecular weight [89-92] of a given sample: 
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Vh =
2
5
ηw Vh( )M n Vh( )!" #$
NA
 Eqn 1.4 
For linear polymers, one has: 
Vh =
2
5
KM 1+α
NA
 Eqn 1.5 
where K and α are the Mark–Houwink parameters for the particular type of polymer, solvent, and 
temperature in question. These in turn can be found by viscosity measurements, including use of an 
in-line viscometric detector in the SEC. 
SEC suffers a major disadvantage compared with FACE and HPAEC: band broadening. This is 
an unavoidable effect arising because, no matter how good the column, an eluted sample in a 
narrow slice of elution volume will always contain a narrow but significant range of hydrodynamic 
volumes, due to diffusion. While this does not have much effect on average quantities such as the 
weight-average molecular weight (MW), it significantly affects the actual distributions, as illustrated 
for example in Castro et al. [93] and in van Berkel et al. [94] While methods for overcoming this 
problem have been developed [93,95-99], these have yet to be routinely implemented for starch 
CLD. It is also important to be aware that the extent of band broadening varies with the SEC set-up 
and indeed can vary from day to day within a given set-up. 
Two common averages of the CLD are the degree of branching (DB) and amylose content. The DB 
is given by 
DB=
Nde X( )
X
∑
XNde X( )
X
∑  
Eqn 1.6 
The quantity can also be measured directly by NMR spectroscopy [100,101]. 
Amylose content can be measured by several techniques, including debranched SEC [102], 
concanavalin A precipitation [103,104], iodine colourimetry [105], and a new 2D SEC × SEC 
method [106]. The debranched SEC method involves a somewhat arbitrary definition of DP 100 as 
the lower limit for amylose chains, which is most applicable for rice CLDs [106,107]. 
Biosynthesis-structure-property relations of starch 
It is understood that some properties of starch can be at least partially controlled by starch 
structure, and that starch structure is ascribed to the underlying biosynthesis. Therefore, a holistic 
approach to the rational design of starch is to consider the biosynthesis-structure-property relations 
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of starch. Various uses of Level 1 data for obtaining structure–property relations are now 
exemplified. The property and functionality of starch in the food manufacturing and health 
industries are intimately related to its CLD. One important nutritional quality is enzyme digestion 
rate; a slow rate of glucose release and absorption is important for avoiding and managing health 
complications, especially obesity, diabetes, and colo-rectal cancers [108,109]. A general consensus 
for one of the controlling functional structural features is that starches with long branches display 
this nutritional quality due to the ability of long chains to form double helices (a type of 
recrystallization and retrogradation), which slows down the rate of digestion [110,111]. Starch with 
long branches has a relative higher amount of high DP chains in the CLD. The amylose-extender 
mutant, defective in SBEIIa, produced high amylose starch [112]. Down-regulation of rice SBEIIb 
caused an increase in both long amylopectin chains and amylose chains [113], and starch containing 
these long chains can undergo retrogradation during digestion. In terms of the holistic approach, it 
can be said that down-regulation of SBEIIb leads to an increase in long chains which gives starch 
with slower digestibilities. 
Retrograded starch inhibits susceptibility to further enzyme attack, which can also reduce the 
rate of digestion [114,115]. Starch with a higher proportion of long chains is usually termed a ‘high-
amylose’ starch. High amylose starches are correlated with a type of resistant starch (RS) [116]. RS 
is not digested in the small intestine and instead reaches the large intestine, where it is fermented to 
produce short-chain fatty acids, which have a role in maintaining bowel health and can assist in the 
prevention and treatment of colonic disease [117,118]. 
The starch gelatinization temperature (GT) is an important trait affecting the rate of the processes 
required to drive the transition from flour to gel (e.g. in cooking). Rices are classified as either 
having a high or low GT [119]. The difference in GT can be explained by their differences in the 
amylopectin CLD. Starch with a CLD containing a lower portion of DP of 6 to 12 and higher 
portion of DP of 12 to 24 exhibits high GT [70]. Mutations in SSIIa have been associated with these 
differences [68]: e.g. a plant with inactive SSIIa produces starch with a lower GT. In terms of the 
holistic approach, it can be said that mutation in SSIIa leads to a decrease in chains with DP 12 to 
24 which gives starch with low GT. 
There are a number of uses for waxy starches. These starches can come from waxy mutants, 
defective in GBSSI, which produce starch with low amylose contents (reviewed in Ball et al. [40]). 
In general, waxy cereal starches (i.e. with very low amylose content) have lower pasting 
temperatures and greater swelling power, because these short chains have weak interactions and are 
thus more readily hydrated [120]. These properties lead to important industrial uses. Waxy starches 
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also have a potential for ethanol production. It gives the highest ethanol conversion at roughly 9% 
compared to starches with higher amylose contents at as low as 2–3% [121]. In terms of the holistic 
approach, it can be said that mutation in GBSSI reduces amylose synthesis which leads to starch 
with lower pasting temperatures. 
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Chapter 2: Extraction/dissolution procedures for analysis of starch chain-length 
distributions 
The relevance of this chapter with respect to the aim of this thesis is described in the Abstract and 
Conclusions. 
Exploring extraction/dissolution procedures for analysis of 
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Mp, peak molecular weight; SEC, size-exclusion chromatography. 
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Abstract  
The analysis of starch chain-length distributions (CLDs) is important for understanding starch 
biosythesis-structure-property relations. It is obtained by analyzing the number distribution of the 
linear glucan chains released by enzymatic debranching of starch α-(1→6) glycosidic bonds for 
subsequent characterization by techniques such as fluorophore-assisted carbohydrate 
electrophoresis (FACE) or size-exclusion chromatography (SEC). Current literature pretreatments 
for debranching prior to CLD determination involve varying protocols, which might yield 
artifactual results. This paper examines the two widely used starch dissolution treatments with 
dimethyl sulfoxide (DMSO) containing 0.5% (w/w) lithium bromide (DMSO-LiBr) at 80 ˚C and 
with aqueous alkaline (i.e. NaOH) solvents at 100 ˚C. Analyses by FACE with a very high range of 
degree of polymerization, and by SEC, of the CLD of barley starches with different structures show 
the following. (1) The NaOH treatment, even at a dilute concentration, causes significant 
degradation at higher degrees of polymerization, leading to quantitatively incorrect CLD results in 
longer amylopectin and in amylose chains. (2) Certain features in both amylopectin and amylose 
fractions of the CLD reduced to bumps or are missing with NaOH treatment. (3) Overestimation of 
amylose chains in starch CLD due to incomplete amylopectin dissolution with dilute NaOH 
concentration. These results indicate starch dissolution with DMSO-LiBr is the method of choice 
for minimizing artifacts. An improved pretreatment protocol is presented for starch CLD analysis 
by FACE and SEC. 
Keywords  
Starch; chain-length distribution; dimethyl sulfoxide; amylose; fluorophore-assisted carbohydrate 
electrophoresis (FACE); size-exclusion chromatography (SEC). 
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Introduction 
Starch is produced in plants by various types of biosynthetic enzymes (Ball & Morell, 2003). The 
result of this is a complex hierarchical structure, with up to six identifiable levels (Gilbert, 2011). 
Starch chain-length distribution (CLD), the first structural level, is the most analyzed structural 
feature. It is the number distribution of linear α-(1→4) linked glucan chains, released from 
digestion of starch with an isoamylase-type debranching enzyme, as a function of degree of 
polymerization (DP). 
Quantitative analysis of starch CLD is desirable for a number of structure-property relations for 
starch-containing substances. For example, the gelatinization temperature, an important property for 
food preparation and digestion, correlates with differences in the proportion of glucan chains of DP 
6–12 and DP 12–24 (Cuevas et al., 2010; Nakamura, Sakurai, Inaba, Kimura, Iwasawa & 
Nagamine, 2002). Starch CLD is also used to estimate amylose content (e.g., (Fitzgerald et al., 
2009)), a major determinant in many properties, such as those important for industrial applications 
such as viscosity modifiers, in digestibility and food manufacture. There is a correlation between 
starch digestion rate and features in the amylose CLD (Syahariza, Sar, Hasjim, Tizzotti & Gilbert, 
2013). CLDs can be used for elucidating the roles of starch biosynthetic and degradation enzymes 
(e.g., (Delvalle et al., 2005; Regina, Kosar-Hashemi, Ling, Li, Rahman & Morell, 2010)). The 
conventional method for comparison between CLDs is the difference plot: subtracting one CLD 
from another. However, starch CLD is best presented as the logarithm of the number distribution as 
a function of DP, which brings out features at high DP and avoids artifacts from normalization 
(Castro, Dumas, Chiou, Fitzgerald & Gilbert, 2005). The amylopectin fraction of CLDs, typically 
with DP of up to 100, can be parameterized by a mathematical model of starch biosynthesis which 
is useful for understanding the underlying mechanisms for the rational design of starches 
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	 (Morell & Myers, 2005; Wu & Gilbert, 2010; Wu, Morell & Gilbert, 2013; 
Wu, Ral, Morell & Gilbert, 2014). Such applications all require quantitative starch CLD analysis 
with minimal artifacts. 
There are several techniques for starch CLD analysis (for a review, see for example (Wu, Witt & 
Gilbert, 2013)): fluorophore-assisted carbohydrate electrophoresis (FACE), high-performance 
anionic-exchange chromatography (HPAEC), and size-exclusion chromatography (SEC). FACE is 
the method of choice for amylopectin chains. FACE data are superior to data from SEC for 
amylopectin chains, without the problems of band-broadening, calibration, and inaccuracies in the 
Mark-Houwink relation. However, it is limited to shorter chains. Longer chains (DP > 100), 
including extra long amylopectin and amylose chains, are currently best analyzed with SEC. 
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The results from CLD analysis inevitably depend on the pretreatment procedure for obtaining the 
chains from starch or from starch-containing samples (flour, leaf, etc.). These pretreatments 
typically involve starch isolation (purification, including dissolution of purified starch, if starting 
with flour or leaf samples), and enzymatic digestion using isoamylase-type debranching enzyme. 
There is a wide variation in the pretreatment procedures currently in use. Just to give a few 
examples, no purification for rice flour for CLD analysis (e.g., (Lisle, Martin & Fitzgerald, 2000)). 
vs. using sodium dodecyl sulfate (SDS) to remove proteins from rice flour washed with water 
(Wong, Kubo, Jane, Harada, Satoh & Nakamura, 2003). Starch purification from barley flour has 
been carried out by removal of major groups of lipids and proteins in aqueous, saline, and alcoholic 
solvents (Schulman & Kammiovirta, 1991). A different pretreatment design has been to include an 
extra treatment with protease to digest proteins (Song & Jane, 2000). Wheat starch has been 
separated from flour in the form of dough by repeated washing with water (Regina et al., 2004). 
Maize starch has been purified from milled kernels by washing with excess ethanol and removed 
proteins by mixing the starch-containing ethanol solution with 0.1 M aqueous NaCl solution 
containing 10% toluene (Li, Blanco & Jane, 2007). 
Some procedures might cause artifacts from varying types of loss and/or degradation. For example, 
purification of starch from rice flour with protease and detergent causes a loss of higher molecular 
weight chains, whereas purification with protease and ethanol has been shown to be essentially 
artifact-free and to give enhanced instrument signal (Chiou, Martin & Fitzgerald, 2002). There is a 
significant molecular degradation in corn starch when dissolved in aqueous NaOH, even just by 
vortexing the starch-NaOH mixture (Han & Lim, 2004a). 
Complete dissolution of the purified starch is required for releasing α-(1→4) linked chains by 
debranching (enzymatically hydrolyzing the α-(1→6) branch points) starch. The crystalline region 
of the starch granule can inhibit the process. The purified starch is relatively insoluble in water at 
room temperature. There are two commonly used treatments for starch dissolution: the so-called 
alkali treatment (e.g. dissolving starch in aqueous NaOH solution) (Batey & Curtin, 1996; O'Shea 
& Morell, 1996; Wong, Kubo, Jane, Harada, Satoh & Nakamura, 2003) and DMSO treatment (i.e. 
dissolving starch in DMSO-based solutions) (Batey & Curtin, 1996). 
There is a trade-off between starch dissolution and degradation. Maize starch can be effectively 
dissolved (up to 94.9%) in 1 M aqueous NaOH solution with 10 min vigorous vortexing at room 
temperature, however, this causes significant molecular degradation; vortexing for 2 min causes 
less molecular degradation; however, only 80.3% is dissolved (Han & Lim, 2004a). These authors 
also found that amylose is preferentially dissolved. It is well known that α-(1→4) and α-(1→6) 
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glycosidic bonds can be hydrolyzed in the present of NaOH. The concentration of NaOH typically 
used in the alkali treatment is 50–250 mM, together with heating at 100°C or higher for 5 min 
(Batey & Curtin, 1996; Lisle, Martin & Fitzgerald, 2000; O'Shea & Morell, 1996; Wong, Kubo, 
Jane, Harada, Satoh & Nakamura, 2003). It is probable that such a high temperature could speed up 
the degradation of the glycosidic bonds and leads to artifacts in the starch CLD. On the other hand, 
DMSO appears to dissolve starch without significant degradation (Han & Lim, 2004a, b). Syahariza 
et al. (Syahariza, Li & Hasjim, 2010) devised a multi-step starch extraction procedure based on a 
DMSO-containing solvent for purification and dissolution of starch, or starch-containing samples, 
at a milder 80°C. Detailed tests indicated removal of non-starch components, starch dissolution of 
up to 100%, and minimized degradation were achieved for both rice and sorghum. The purified and 
dissolved starch is then ready for debranching with isoamylase-type debranching enzyme (the type 
of enzyme most widely used for CLD characterization) for the release of linear chains (Batey & 
Curtin, 1996; Fontaine et al., 1993; Lisle, Martin & Fitzgerald, 2000; O'Shea & Morell, 1996; Streb, 
Eicke & Zeeman, 2012; Syahariza, Sar, Hasjim, Tizzotti & Gilbert, 2013; Wong, Kubo, Jane, 
Harada, Satoh & Nakamura, 2003). 
This study aims to develop a pretreatment protocol that is suitable for quantitative starch CLD 
characterization with FACE and SEC. We employ a modified version of the protocol devised by 
Syahariza et al. (Syahariza, Li & Hasjim, 2010) for starch purification. This was applied to a range 
of different barley samples, ranging from low to high amylose contents; barley was chosen because 
its CLD has been found (Chu, Hasjim, Hickey, Fox & Gilbert, 2014) to have more distinct amylose 
fine-structure features than seen with some other grains, and which therefore should be very 
sensitive to changes in features caused by the extraction/preparation process. The purified starch is 
then subjected to the two widely used dissolution treatments: (1) DMSO containing 0.5% (w/w) 
lithium bromide (DMSO-LiBr) at 80°C; or (2) aqueous NaOH at 100°C dissolution treatments, and 
then debranched. The released chains are analyzed with both FACE and SEC. Our results confirm 
that the DMSO-LiBr dissolution treatment minimizes chain degradation and preserves features in 
the CLD which would otherwise be lost with aqueous NaOH dissolution treatment. Based on these 
results, we present a pretreatment protocol for obtaining glucan chains from starch or starch 
containing samples for quantitative characterization by FACE and SEC. 
Methods and materials 
Reagents 
Wholemeal barley (Hordeum vulgare L.), flour of Waxiro (granule-bound starch synthase (GBSS) 
mutant), Golden Promise (normal barley), and ssIIa (starch synthase IIa mutant, sex6) (described in 
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(Morell et al., 2003)) were kindly provided by CSIRO Plant Industry (Canberra, Australia). They 
contain starch with low, normal, high amylose contents, respectively. Protease from Streptomyces 
griseus (type XIV) and sodium cyanoborohydride were from Sigma–Aldrich (Castle Hill, NSW, 
Australia), and isoamylase from Pseudomonas sp. (E-ISAMY) were from Megazyme International 
Ltd. (County Wicklow, Ireland). 8-aminopyrene-1,3,6,trisulfonate (APTS), included in the 
Carbohydrate Labeling and Analysis Kit, was purchased from Beckman Coulter (Brea, CA, USA). 
Pullulan standards with peak molecular weights (Mp) ranging from 342 to 708000 (PSS-pulkit), 
pullulan standards with Mp 1,300,000 (PSS-dpul1300k), and pullulan standards with Mp 2,560,000 
(PSS-dpul2.5m) were purchased from Polymer Standard Service (Mainz, Germany). 
Dimethyl sulfoxide-lithium bromide (DMSO-LiBr) treatment. Barley starch was extracted from ~7 
mg of the wholemeal barley flour and purified and solubilized according to a published method 
(Syahariza, Li & Hasjim, 2010) with modifications. In case where the acquired samples were whole 
grains or leaf materials, grinding is needed. This can be achieved, with minimal structural 
degradation, with a cryogrinder and liquid nitrogen as the cryogenic freezing medium (Syahariza, 
Li & Hasjim, 2010). The wholemeal flour was gently mixed by inverting with 0.5 mL protease (2.5 
units/mL) in tricine buffer (pH 7.5, 250 mM) and incubated at 37°C for 30 min in a 2-mL 
Eppendorf tube. The mixture was centrifuged at 4000 g for 10 min, discarding the supernatant. The 
precipitate was then gently mixed with 0.5 mL sodium bisulfite solution (0.45% w/w) and 
incubated at 37°C for 30 min. The mixture was centrifuged at 4000 g for 10 min, discarding the 
supernatant. To solubilize the starch in the precipitate, it was suspended in 1.5 mL DMSO 
containing 0.5% (w/w) LiBr (DMSO-LiBr) in a shaking thermomixer running at 80°C and 350 rpm 
for 20 h (note: immediately vortex after adding DMSO-LiBr to avoid formation of lumps of starch 
gel). The suspension was occasionally inverted by hand to ensure no clumps of the precipitate 
adhere to the tube wall in the first 2 h. The solubilized starch was precipitated by washing with 10 
mL absolute ethanol and centrifuged at 4000 g for 10 min to remove non-starch components 
(proteins, lipids, and non-starch polysaccharides). This was repeated to further remove residual non-
starch components and solvent. 
The precipitate from the above was immediately dispersed in 0.9 mL hot water and heated in a 
boiling water bath until all precipitate was dispersed (roughly 10 min). Occasional mixing by 
inverting is required. This starch dispersion was cooled to room temperature before 0.1 mL acetate 
buffer (pH 3.5, 0.1 M) and 2.5 µL isoamylase were added. This mixture was briefly vortexed and 
incubated at 37°C for 3 h. The 3 h is because at ~ 4.5 pH (our debranching condition), the optimal 
stable time is 4 h according to the specifications from Megazyme. The unit equivalent of 
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isoamylase used is similar to that reported previously where a 2 h incubation was used (Batey & 
Curtin, 1996). The resulting debranched starch dispersion was adjusted to pH ≈ 7 with 0.1 mL 
NaOH (0.1 M). The dispersion was heated at 80°C for 1 h. The dispersion was frozen in liquid 
nitrogen and freeze-dried overnight. Freeze-dried samples must be stored in desiccators if not used 
immediately. 
Alkali treatment. As described above except that to solubilize the starch in the starch containing 
precipitate, 1.5 mL NaOH solution (0.05 M) was used to make the suspension. The suspension was 
heated at 100°C for 5 min. Analogous tests with 0.25 and 0.75 M NaOH solution were also carried 
out. 
APTS labelling of linear glucans 
The freeze-dried linear glucans (0.2 mg) from both of the treatments above were derivatized with 
APTS in 2-mL Eppendorf tubes by the addition of 1.5 µL of a solution of APTS (0.2 M) in 15% 
glacial acetic acid (APTS powder was dissolved in 15% glacial acetic acid to obtain an APTS 
concentration of 0.2 M) and 1.5 µL of 1 M aqueous sodium cyanoborohydride. Our tests showed 
this gave consistent results compared to previously published conditions as described in (O'Shea, 
Samuel, Konik & Morell, 1998) (data not shown). The mixture was vortexed and incubated at 40°C 
for 20 h or 60°C for 90 min in the dark for labeling of the linear glucans, as suggested by the 
Carbohydrate Labeling and Analysis Kit application guide. Our tests confirmed that both gave 
consistent results (data not shown). The solution of labeled glucans was diluted by adding 80 µL 
water and vortexing until all precipitate dissolved. The mixture was centrifuged at 4000 g for 2 min 
and 50 µL of the supernatant was transferred to 200 µL microcentrifuge tubes for immediate 
fluorophore-assisted carbohydrate electrophoresis. 
Fluorophore-assisted carbohydrate electrophoresis (FACE) of APTS-labeled 
linear glucans 
The size distribution of the labeled linear glucans (prepared as described above) was analyzed with 
FACE to give the CLD, denoted Nde(X) (the subscript “de” is used to indicate that the linear glucan 
were obtained by debranching starch; X = DP). Separation of the labeled linear glucans was 
performed on a PA-800 Plus System and monitored with a solid-state laser-induced fluorescence 
(LIF) detector with an argon-ion laser as the excitation source (Beckman-Coulter, Brea, CA, USA). 
The capillary used was a 50-µm diameter N-CHO coated capillary (included in the Carbohydrate 
Labeling and Analysis Kit). Carbohydrate separation buffer, also included in the kit, was used as 
the separating medium. The effective separation length of the capillary was 40 cm. The sample was 
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introduced into the capillary by pressure injection for 3 s at 0.5 psi (3.4 kPa above atmospheric). 
Separation of the labelled linear glucans was achieved using an applied voltage of 30 kV (current 
~14 mA) at 25°C. 90 min of total separation time was used to separate the first ~ 160 peaks (Figure 
S2.1). The areas of the peaks give the relative amount of glucans with different mass directly (the 
DPs of glucans in adjacent peaks differ by 1). Sample storage temperature in the PA-800 Plus 
System was at 18°C. We noticed that if labeled samples were not analyzed immediately after 
derivatization, the relative amount of long chains decreased over time. This could be due to 
preferential retrogradation of long glucan chains. Retrograded chains probably migrate more slowly 
in the separation buffer. Diluted labeled glucans (as described in the previous section) may require 
further dilution if the raw electropherogram appears to be cut off as the detector response reaches a 
maximum, which can lead to an underestimate of the overloaded signals. 
Size-exclusion chromatography of linear glucans 
The size distribution of the freeze-dried linear glucan from both of the treatments above were 
analyzed using an Agilent 1100 Series SEC system (Agilent Technologies, Waldbronn, Germany) 
equipped with GRAM precolumn, GRAM 30 Å, GRAM 100 Å and GRAM 1000 Å analytical 
columns (Polymer Standards Service (PSS), Mainz, Germany) set at 80°C and a differential 
refractive index (DRI) detector (Optilab UT-rEX, WYATT, Santa Barbara, CA, USA). (Although 
not implemented here, a very recent paper has shown that even better columns can improve this 
technique (Ciric, Woortman & Loos, 2014).) DMSO containing 0.5% (w/w) LiBr was used as the 
eluent, and the flow rate was set at 0.5 mL/min. The injected samples were prepared at 
concentration of 4 mg/mL in the same eluent. The pullulan standards were used for calibration, 
following the method of Cave et al. (Cave, Seabrook, Gidley & Gilbert, 2009), to obtain the relation 
between SEC elution volume and the hydrodynamic volume (Vh) of the linear glucans. The 
calculation uses Mark-Houwink parameters K = 0.0002427 dL g–1 and α = 0.6804 for the pullulan 
standards (Cave, Seabrook, Gidley & Gilbert, 2009). The size distribution results were analyzed 
with ASTRA software (Wyatt) using a dn/dc value of 0.0576 mL/g, as measured by PSS for 
debranched amylopectin in the eluent used at 80°C. Signals from the DRI detector gave the SEC 
weight distribution of the linear glucans as a function of log Vh, wde(log Vh). It was converted to a 
function of log X (i.e. wde(log X)) as described in ref. (Li, Hasjim, Singh, Tizzotti, Godwin & 
Gilbert, 2013), using Mark-Houwink parameters K = 0.015 dL g–1 and α = 0.74 for debranched 
starch. Nde(X) and wde(log X) are related by wde(log X) = X2Nde(X), as explained in detail elsewhere, 
e.g. (Gaborieau, Gilbert, Gray-Weale, Hernandez & Castignolles, 2007). 
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Results and Discussion 
Linear glucans from the three types of barley starches (i.e. low, normal and high amylose contents) 
were analyzed by both FACE (with a typical electropherogram given in the Supplementary 
Information to show the baseline resolution), and SEC with a DRI detector. Nde(X) are presented in 
Figure 2.1 and wde(log X) in Figure 2.2. Nde(X) obtained by the DMSO-LiBr dissolution treatment 
are designated Nde.D(X); Nde.0.05N(X) for the alkali dissolution treatment with 0.05 M NaOH; and 
Nde.0.25N(X) for that with 0.25 M NaOH. Analogous notations are used for wde(log X). 
The FACE data obtained with the set-up used here goes to significantly higher DP than hitherto 
reported in the literature, in fact into what is usually thought of as the amylose region (DP > 100). 
Having such a high range is especially useful in the present context, as FACE data are free from 
band-broadening affects (Figure S2.1 shows that individual peaks are well separated up to DP of ~ 
160 for normal barley starch, which is also observed for waxy and high-amylose barley starches) 
which are unavoidable in SEC but which mask fine structural features which are distinguishing 
indicators of both biological processes and functional properties. 
The data shown in both Figure 2.1 and 2.2 reveals features in the starch CLD consistent with those 
previously published. (1) The features seen in Nde(X) is consistent with that observed in other types 
of cereal starches (Wu & Gilbert, 2010; Wu, Morell & Gilbert, 2013). (2) The features seen in 
wde(log X) (i.e. AP1 and AP2 for the amylopectin fraction and AM1 and AM2 for the amylose 
fraction) is consistent with that observed in other types of starches with both DMSO and NaOH 
treatments (Butardo et al., 2011; Chu, Hasjim, Hickey, Fox & Gilbert, 2014; Syahariza, Sar, 
Hasjim, Tizzotti & Gilbert, 2013; Wang, Hasjim, Wu, Henry & Gilbert, 2014; Ward, Gao, 
de Bruyn, Gilbert & Fitzgerald, 2006). These suggest that the four peaks seen here are real. 
The amylose fraction of the Nde(X) and wde(log X) agrees well with the previously measured 
amylose content (Regina et al., 2012). Samples with higher amylose contents showed elevated long 
chains. It is noted that the amount at the higher end of the amylopectin fraction in Nde(X) (at X ~ 
100) increases with amylose content (Figure 2.1A–C), which is consistent with there being no clear 
separation between amylopectin and amylose chains (Vilaplana, Hasjim & Gilbert, 2012). 
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Figure 2.1. Number CLD (arbitrary units) of low, normal and high amylose barley 
starch in the amylopectin range obtained with different dissolution solvents and 
analyzed with FACE. (A) Number CLD of waxy barley obtained by using 
DMSO/LiBr for starch dissolution (Nde.D(X); black squares); the CLD obtained by 
using 0.05 M NaOH for starch dissolution (Nde.0.05N(X); gray triangles); and that with 
0.25 M NaOH (Nde.0.25N(X); filled red circles). Crosses and letters mark the features in 
starch CLD. (D) Relative difference of Nde.0.05N(X) and Nde.0.25N(X) with respect to 
Nde.D(X) of waxy starch. (B) and (E) are analogous to (A) and (D) for starch CLD of 
normal barley. (C) and (F) are analogous to (A) and (D) for starch CLD of HA barley. 
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The filled blue diamonds show Nde.0.75N(X). Replicate Nde(X) gave very similar results. 
 
 
Figure 2.2. SEC weight CLD of waxy, normal and high amylose barley starch 
obtained with different dissolution solvents and analyzed with SEC coupled with DRI 
detector. (A) SEC weight CLD of waxy barley obtained by using DMSO/LiBr for 
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starch dissolution (wde.D(log X); black line); that obtained by using 0.05 M NaOH 
(wde.0.05N(log X); gray line); and that obtained by using 0.25 M NaOH (wde.0.25N(log X); 
red line). Crosses mark the features in wde(log X). (B) is analogous to (A) for SEC 
weight CLD of normal barley. (C) is analogous to (A) for SEC weight CLD of HA 
barley. AM1, AM2 and lines mark the peaks of the features in the amylose fraction in 
wde.D(log X) (i.e. at log10(X) > 2). All wde(log X) are normalized to AM2. Replicate 
wde(log X) gave very similar results. 
 
Alkali dissolution treatment degrades long glucan chains 
For each of the three types of starches, Nde.0.05N(X) shows a reduction in amounts of chains with 
certain DPs compared to Nde.D(X) (Figure 2.1A–C). This increases up to 60% at DP of around 100 
for ssIIa barley starch (Figure 2.1F); reduction of up to 20% was seen for GP barley starch (Figure 
2.1E). However, it was interesting to find that Nde.0.05N(X) of waxy barley was not significantly 
different from the corresponding Nde.D(X) (Figure 2.1D). The difference in CLD were unlikely to be 
caused by incomplete debranching, as the debranching processes of DMSO-purified starch and 
NaOH-purified starch were exactly the same, and NMR measurements have shown that there are no 
more than 0.5% residual branches with this technique (Ward, Gao, de Bruyn, Gilbert & Fitzgerald, 
2006) (although early work had suggested that debranching  might be incomplete with a somewhat 
different method (Hizukuri, Takeda, Yasuda & Suzuki, 1981)). NaOH degrades starch by 
facilitating the hydrolysis of α-(1→4) and α-(1→6) glycosidic bonds. This readily occurs at a pH ~ 
10 (Lee, Han & Lim, 2009). Our results indicate that long chains are preferentially degraded during 
starch dissolution with aqueous NaOH, most probably simply because the longer the chain, the 
greater the number of α-(1→4) links. Compared to Nde.0.05N(X), Nde.0.25N(X) appears to have a higher 
relative amount of long chains (Figure 2.1E–F). Interestingly, it appears that the waxy starch is less 
susceptible to degradation when dissolved in 0.05 M aqueous NaOH. In this present work, we did 
not determine if this is true for all low-amylose starches. However, it will be seen later from 
examining wde(log X) that dissolution in 0.05 M aqueous NaOH causes degradation to the amylose 
fraction of the starch CLD. 
It has been argued that a higher concentration of NaOH provides a better amylopectin dissolution 
(Nagamine & Komae, 1996). To test whether dissolution was the limiting factor, we tested an even 
higher concentration of NaOH for starch dissolution treatment (i.e. 0.75 M NaOH). However, the 
result shows a further reduction in the relative amount of high DP chains in HA barley starch CLD 
(Figure 2.1C, F). This indicates that the fewer amounts of long chains are not due to incomplete 
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dissolution and that it due to degradation. A smaller range of the HA barley starch CLD is presented 
in Figure 2.1C. This is because dissolution treatment with 0.75 M NaOH resulted in a poorer signal-
to-noise ratio. Thus it was felt that applying this to the other two types of starches would not serve 
any purpose. Hydrolysis of α-(1→6) branch points, in theory, should not affect the overall CLD. 
However, one possibility is that the branch point of long chains is hydrolyzed and the chains 
washed away by the ethanol precipitation step (described in Materials and Methods section). 
It is noted that in wde(log X) for all three types of starches, the relative amount of amylopectin 
chains increasing with an increase in the concentration of NaOH used during the dissolution 
treatment. This is consistent with the fact that amylopectin is less soluble relative to amylose in 
dilute aqueous NaOH (Han & Lim, 2004a). If using the starch CLD for amylose content estimation, 
NaOH treatment could lead to an overestimation. It could be argued that the incomplete dissolution 
of amylopectin gives a higher relative amount of long chains and that, as the concentration of 
NaOH is increased, short chains are more fully released, which would cause the relative amount of 
long chains to decrease (Figure 2.1). This possibility can be discounted, as the DMSO-LiBr 
treatment has been shown using NMR (Schmitz, Dona, Castignolles, Gilbert & Gaborieau, 2009) to 
give effectively 100% starch dissolution, and we see here that the relative amount of long chains is 
higher than with NaOH treatment (Figure 2.1). This is consistent with the notion that NaOH 
treatment degrades starch by facilitating the hydrolysis of α-(1→4) bonds, and that long chains are 
preferentially degraded. 
The amylose fraction of starch CLD also 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It is also apparent that certain features in the amylose fraction in wde(log X) of starch are less 
apparent with the NaOH dissolution treatment (Figure 2.2B, C). AM1, the lower-DP amylose peak, 
presenting as a distinct peak in wde.D(log X) of the normal barley starch, is missing in wde.0.05(log X); 
moreover, the peak is reduced to a bump in the high-amylose barley starch. AM1 is completely 
missing in wde.0.25(log X) in both normal and high-amylose starches. These results indicate that the 
NaOH dissolution treatment yielded artifactual results. On a separate note, waxy barley starch 
appears to lack the AM1 feature. As expected, AM2 appears at an even lower DP in wde.0.25N(log X) 
(Figure 2.2A–C), which is again consistent with NaOH degradation. 
Our results show that the commonly used alkali dissolution treatment is not suitable for quantitative 
characterization of starch CLD for the following reasons. (1) Degradation of glucan chains is 
 32 
significant even with dilute NaOH concentration and is selective towards higher DP. (2) features 
such as the peaks indicating amylose fine structure can be lost. (2) A low concentration of NaOH 
does not offer adequate dissolution of amylopectin and leads to an overestimation of the amylose 
chains. 
Conclusions 
It is important to avoid artifactual results from sample pretreatment procedures for quantitative 
analysis of starch CLD. We have demonstrated that the DMSO-LiBr dissolution treatment is 
superior in several ways compared to commonly used alkali (i.e. aqueous NaOH) dissolution 
treatment. Data obtained from the alkali treatment are useful for purposes of semi-quantitative 
comparison but are not quantitatively accurate, especially for longer chains, which are important 
both for nutrition and other functional properties. The common use of difference plots between 
ranges of CLDs will be especially sensitive to inaccuracies in the relative amounts of longer and 
shorter chains. The conclusions reached here make use of data from FACE which go to a much 
higher range (into the amylose region) than seen previously in the literature; FACE data in this high 
range are free from the unavoidable band-broadening affects in SEC which can mask fine structural 
features which are distinguishing indicators of both biological processes and functional properties. 
This study presents a detailed pretreatment protocol for quantitative starch CLD characterization 
with both FACE and SEC coupled with a DRI detector. Although not performed here, the freeze-
dried linear glucans could also be analyzed with high-performance anion-exchange chromatography 
(HPAEC) with pulsed amperometric detector. 
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Chapter 3: Modelling of reserve starch biosynthesis in cereal endosperm 
The relevance of this chapter with respect to the aim of this thesis is described in the Abstract and 
Discussion. 
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Abstract 
A core set of genes involved in starch synthesis has been defined by genetic studies, but the 
complexity of starch biosynthesis has frustrated attempts to elucidate the precise functional roles of 
the enzymes encoded. The chain-length distribution (CLD) of amylopectin in cereal endosperm is 
modeled here on the basis that the CLD is produced by concerted actions of three enzyme types: 
starch synthases, branching and debranching enzymes, including their respective isoforms. The 
model, together with fitting to experiment, provides four key insights. (1) To generate crystalline 
starch, defined restrictions on particular ratios of enzymatic activities apply. (2) An independent 
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confirmation of the conclusion, previously reached solely from genetic studies, of the absolute 
requirement for debranching enzyme in crystalline amylopectin synthesis. (3) The model provides a 
mechanistic basis for understanding how successive arrays of crystalline lamellae are formed, based 
on the identification of two independent types of long amylopectin chains, one type remaining in 
the amorphous lamella, while the other propagates into, and is integral to the formation of, an 
adjacent crystalline lamella. (4) The model provides a means by which a small number of key 
parameters defining the core enzymatic activities can be derived from the amylopectin CLD, 
providing the basis for focusing studies on the enzymatic requirements for generating starches of a 
particular structure. The modeling approach provides both a new tool to accelerate efforts to 
understand granular starch biosynthesis and a basis for focusing efforts to manipulate starch 
structure and functionality using a series of testable predictions based on a robust mechanistic 
framework. 
Introduction 
Starch, a branched glucose homopolymer, contains two types of glucans: amylose (degree of 
polymerization (DP) of 100–10,000, largely unbranched) and amylopectin (larger, highly branched, 
and typically constituting ~75 wt% of the total starch). Short chains with DP <~ 30 on amylopectin 
molecules form double-stranded α-helices in the native starch, which align to facilitate 
crystallization to give crystalline lamella. Some amylopectin chains grow longer (up to DP ~ 100) 
and serve as the crystalline-lamella connecting chains. Crystalline lamellae alternate with 
amorphous lamellae, with a periodicity of ~9 nm [1], giving the semi-crystalline structure of 
amylopectin within granular starch. Growth of starch granules generally proceeds radially outwards 
from the core, giving concentric layers of semi-crystalline growth rings, which alternate with 
amorphous growth rings. The semi-crystalline structure formed by amylopectin branches is of 
biological and economic importance, as this structure allows plants to store carbon at high density 
(~1.6 g cm–3), in an osmotically inert form. Several models have been proposed to describe the 
formation of amylopectin clusters. Ball et al. described a “discontinuous synthesis model” [2]. 
When chains reach minimum size to allow branching, intensive branching follows. Trimming by 
debranching enzymes proceeds, leaving only tightly spaced branches. The next amorphous lamella 
is generated and then allows for another turn of discontinuous synthesis.  A “two-step branching 
and improper branch clearing model” proposed by Nakamura [3] gives the following explanation 
for the formation of amylopectin clusters. Glucan chains are suggested to transfer from clusters of 
branches in a nascent crystalline lamella and cause branching in the adjacent amorphous lamella; 
further elongation of these chains are suggested to enable SBEs to act on them to produce branches 
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in the new cluster so as to form the next crystalline layer. However, because of the complexity of 
the starch synthesis mechanism, some fundamental aspects of the synthesis of the amylopectin 
crystalline array remain to be elucidated. 
Starch biosynthesis in storage tissues, in particular in cereal endosperms, involves the concerted 
actions of various types of biosynthetic enzymes, which include multiple isoforms [4,5,6]. 
However, the modes of enzymatic actions, which affect the rate at which the enzymes operate, are 
yet to be rigorously defined. For example: (1) the phosphorylation status of the enzymes is not yet 
known or described; (2) no account has been taken of possible conformation changes that may 
occur as part of enzyme complexation [5]. 
A general consensus as to the core enzymatic machinery involved is that glucan chains formed by 
the transfer of the glucosyl moiety of ADP-glucose to the non-reducing end of a pre-existing 
glucans via α-(1→4) glycosidic linkages by four types of soluble starch synthases (SSI–SSIV), and 
granule-bound starch synthase (GBSSI in endosperm, GBSSII in non-endosperm tissues). Transfer 
from UDP-glucose is also possible, albeit at low rates [5]. Soluble starch synthases are considered 
to be primarily involved in amylopectin synthesis and granule bound starch synthases in amylose 
synthesis. Mutants lacking SSI show deficiencies in short chains with X (the mathematical symbol 
for DP) between 6–12 (e.g. [7]). Lack of SSII is associated with a deficiency of chains with 12 ≤ X 
< 30 [8] while SSIII may play a role in elongating longer chains (X ≥ 30) [9]. In Arabidopsis, SSIV 
has been shown to be associated with starch granule initiation [10,11]; however, its function has not 
been determined in cereal endosperms. Biochemical studies show the biosynthetic enzymes have 
substrate specificity: for example, SSI is said to elongate very short glucan branches (4 ≤ X ≤ 7) and 
the products are subsequently elongated by SSII [5]. 
Starch branching enzymes (SBEs) create new glucan branches, involving cleavage of an α-(1→4) 
linkage and transfer of the released reducing end to a glucose residue on either the original or 
another glucan chain via an α-(1→6) linkage. There are two types of SBEs: SBEI and SBEII. In 
monocots, two classes of SBEII are present: SBEIIa and SBEIIb (e.g. [12,13]). Biochemical studies 
show SBEI preferentially transfers longer chains from long chains while SBEII tends to transfer 
shorter chains from more highly branched substrates [14]. There are two restrictions in SBEs 
(Figure 3.1): the moiety that is transferred must be equal or longer than a minimum X, Xmin, which 
is ~6–7 glucose residues for the SBEII type (e.g. [15]), while the remaining moiety must be of a X 
not less than a minimum value X0, which is ~6 [16]. Together, the actions of SSs and SBEs give rise 
to branched glucans. 
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Figure 3.1. The mechanism of actions of three core enzymes in starch biosynthetic 
considered in the model. Starch synthases (SSs) transfer ADP-glucose (red hexagon) to the 
non-reducing end of a pre-existing α-(1⟶4)-linked glucan. Starch branching enzymes (SBEs) 
transfer the cleaved chain onto a random position—which may include the original branch—via 
an α-(1⟶6) link. The length of the transferred portion by SBEs has to be ≥ Xmin and that of the 
remaining stub must be ≥ X0. Debranching enzymes (DBEs) hydrolyze α-(1⟶6) linkages, 
thereby removing the whole chain. These enzymatic schemes are focused on the form of glucans 
in terms of the CLD rather than the actual products. Together, one of each of SS, SBE and DBE, 
regardless of the actual isoforms, make up an enzyme set. 
 
The Hizukuri model [17] of amylopectin is based on the non-random clustering of α-(1→6) branch 
points in the amylopectin molecule; a significant body of evidence suggests that this clustering is 
essential to allow the alignment of external chains of amylopectin in order to form double helices 
and then crystalline lamellae. The roles of debranching enzymes (DBEs, specifically the 
isoamylases) have been suggested to include removal of the “improperly positioned” branches: 
branches that because of their position prevent local crystallization [2,3,18,19,20]. It is assumed that 
once a branch is removed by DBEs, it is no longer part of the growing glucan molecule, and instead 
is degraded and the glucan reutilized. In vitro, the unrestricted action of isoamylases generates 
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linear glucans, which together form the chain-length distribution (CLD). Hence the CLD does not 
contain direct information about the non-random clustering of branches on amylopectin molecules. 
Other enzymes have also been proposed to play roles in the biosynthesis of starch; however, these 
roles are not consistent across tissues and species and so are not considered part of the core 
enzymatic machinery. For example, it is proposed that disproportionation enzyme (D-enzyme) is 
directly involved in amylopectin synthesis in Chlamydomonas reinhardtii [21]. However, 
inactivation of D-enzyme in Arabidopsis thaliana leaves does not affect starch synthesis or 
amylopectin CLD significantly [22]. It has been shown that a D-enzyme, with similar enzymatic 
activity to that in Chlamydomonas, is also present in wheat endosperms; however, no information 
on the role of D-enzyme in cereal starches is available [23]. 
SS, SBE and DBE are the three core enzyme classes that are important in utilizing ADP-glucose to 
synthesize starch in cereal endosperms. Here, adopting our earlier model [24], a theoretical 
“enzyme set” is defined as a group of three enzymes, which includes one of each of SS, SBE and 
DBE, regardless of the actual isoforms. For example, the SS in different enzyme sets could be 
forms of a particular isoforms of SSI, SSII, SSIII and SSIV that have different activity depending 
on their complexation state, post-translational modification, or other temporally or physically 
distinguished regulatory effects. The terminology used for the model is that the SS belonging to 
enzyme set (i) is denoted SS(i). In turn, SS(ii) is used to indicate the SS in enzyme set (ii) and so on. 
This also applies to X0 and Xmin (e.g. X0(i) is a minimal constraint on SBE(i)). No direct relationship 
is assumed between the enzyme sets defined for the purposes of this model, and members of gene 
families defined by genetic studies. For example, SSI, SSIIa, SSIIIa and SSIV in the cereal 
endosperm do not equate to SS(i), SS(ii), SS(iii) and SS(iv). Such associations will be the focus of 
future research.  
The CLD of granular starch is referred to as the lamellar CLD. It is denoted here Nde(X): the relative 
number distribution of glucan chains with DP of X (the subscript “de” denoting the fact that these 
glucan chains are obtained from unrestricted debranching of starch). The lamellar CLD in the order 
of up to X ~ 100 is predominantly amylopectin CLD; amylose chains are significantly longer. The 
lamellar CLD is currently best obtained using fluorophore-assisted carbohydrate electrophoresis 
(FACE) [25,26]; less precise data can also be obtained using high-performance anion exchange 
chromatography (HPAEC) or by size-exclusion chromatography (SEC) [27,28]. 
The amylopectin CLD in cereal endosperms generally shows a number of distinct features (Figure 
3.2). These features come from particular enzyme sets and restrictions on the biosynthetic enzymes 
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(e.g. the two minimum chain length requirements for SBEs, Xmin and X0), which are summarized as 
follows. Feature A is due to one of the SBE minimum chain length requirements, X0(i) for SBE(i). 
Depending on the values of X0(i) and Xmin(ii), Feature A can appear as a maximum, shoulder or as 
part of the global maximum (Feature B). This is explored in a later section. Feature B is the global 
maximum which appears between Xmin(i) and X0(i) + Xmin(i). Feature C is a small bump arising from 
the SBE(ii) restrictions of X0(ii) and Xmin(ii) in the same way as X0(i) and Xmin(i). Features A, B, and C 
are ascribed to enzyme sets (i) and (ii). These enzyme sets synthesize chains confined to single 
lamellae (SL), wherein these chains are arranged in crystalline lamellae. The SL chains dominate 
the range 6 ≤ X <~ 30. Long SL chains protruding the SL range enter the contiguous amorphous 
lamella, here named the trans-lamella (TL) range. These long chains are crystalline-lamella 
connecting chains [17] and span to an adjacent SL range which is subsequent to the TL range. 
Features D and E are analogous to Features B and C, except that they are in the TL range. 
Analogous to Features A, B and C, Features D and E are ascribed to enzyme sets (iii) and (iv). The 
TL equivalent of Feature A is not apparent. Feature F indicates chains that span beyond two 
adjacent SL ranges which are separated by a TL range in between. Examination of whether the 
equivalents of Features A, B, and C are distinguishable in the Feature F range requires a larger CLD 
range and even more accurate data than currently available. The higher X range measured by FACE 
is prone to error because of current technical limitations; neither HPAEC nor SEC can resolve fine 
features in this range. 
 
 
Figure 3.2. Rice (cv Nipponbare) amylopectin CLD fitted with the substrate-competing 
model. The amylopectin CLD was obtained by FACE [32]. X is the number of glucose residues 
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on glucans released by unrestricted debranching of the starch. The black- and gray-filled circles 
are X = 6 and 32, respectively. The fitting to the overall experimental CLD (yellow filled circles) 
is given as green filled circles. The range of fitting X up to ≈ 60–70 is considered. Fitting 
procedures are given the Model section. Crosses mark the features of the CLD. 
 
The amylopectin CLDs in the endosperms of maize [29], rice [30] and barley [31] do not change 
significantly throughout grain development. The same phenomenon is also observed in Arabidopsis 
leaves, regardless of the diurnal nature of leaf physiology [19]. These show that amylopectin CLDs 
can be approximated as being in a steady state. A steady-state CLD should not be confused with an 
unchanged total amount of starch per unit volume. It is the relative abundance of chains between 
different X (i.e., the CLD) that does not change in time, while the total concentration of chains can 
increase during grain development, or in leaves in the photoperiod.  
It will be shown, by modeling the CLD of amylopectin in cereal endosperms, that in order for 
crystalline starch to form in cereal endosperms such as rice, restrictions apply on the ratios of 
certain enzymatic activities of SSs, SBEs and DBEs. DBE will be seen to be essential for crystalline 
amylopectin synthesis. The model also provides a mechanistic basis for understanding how 
successive arrays of crystalline lamellae are formed. Further, the model allows the amylopectin 
CLD in cereal endosperms to be quantitatively represented by a small number of parameters: ratios 
of enzymatic activities and the two minimum SBE constraints (i.e. X0 and Xmin). This 
parameterization of CLDs provides both a useful tool to represent CLDs, for example to explore 
statistically meaningful structure-property relations, and also a new tool for understanding the 
biosynthesis of granular starches. 
Results 
Single-lamella (SL) chains. 
The SL CLD is governed by the actions of enzyme sets (i) and (ii). Two alternative models for this 
are presented here, with small but significant differences between them. One, termed the “substrate-
competing model”, is consistent with the assumption that enzyme sets (i) and (ii) act on the same 
pool of substrate(s), perhaps as a result of enzyme complexes (see Model section for the evolution 
equation which describes the SL chains, Eqn 3.1). The alternative is termed the “independent 
substrates model”, when enzyme sets (i) and (ii) predominantly act on distinct populations of 
substrate(s), perhaps as a result of substrate specificities. The substrate-competing model is new; the 
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independent substrate model is an extension of our earlier treatment [24]. Evidence will be provided 
to demonstrate that which of the two alternative models is applicable in a given case depends on the 
particular plant species; it is also possible that differing models may apply in different organs, under 
different environmental conditions, or during different stages of organ development.  
The SL CLD can only reach a steady state with restricted values of certain SL kinetic parameters, as 
detailed in the Model section. These SL kinetic parameters for the SL enzyme sets (i) and (ii) in the 
substrate-competing model are denoted β(i), X0(i), Xmin(i), β(ii), X0(ii) and Xmin(ii). The quantities with 
the symbol β are ratios of enzyme activities, defined in Eqns 3.2–3.3. The actual values of the fitted 
parameters for the amylopectin CLD (Figure 3.2) of a rice variety (cv Nipponbare) are discussed in 
a later section. For the independent-substrate model, there is one additional parameter, which is the 
relative contributions of sets (i) and (ii), denoted h(ii/i). 
The substrate-competing model quantitatively reproduces Features A, B and C in the SL range of 
the rice amylopectin CLD (Figure 3.3A): (1) the shape and location of Features A and B. Feature A 
appears as part of the curve for the global maximum (Feature B). Feature B, the global maximum 
occurs between X0(i) and X0(i) + Xmin(i) in the present case; (2) the shape and location of Feature C, 
which corresponds to X0(ii) and Xmin(ii); and (3) the steepness of the nearly linear slope of log Nde(X). 
Although enzymes sets (i) and (ii) both contribute significantly over the whole SL range, set (i) is 
largely responsible for the shape for the global maximum and the nearly linear slope, and enzyme 
set (ii) is largely responsible for the bump (Feature C) on the nearly linear slope. 
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Figure 3.3. Components of the CLD, given in Figure 3.2, fitted with the model. (A) Fitting 
(red filled circles) to single-lamella (SL) chains with the substrate-competing model. X = 32 
marks the apparent length of chain needed for the chains to enter the contiguous amorphous 
lamella (Figure 3.5). Where the slope changes significantly in Feature F gives the range of 
presumed three-lamellae-spanning chains. (B) Fitting (blue filled circles) to the type-2 TL chains 
with the substrate-competing model, which is the difference between the experimental and the 
calculated SL CLD in (A) and displaced (details in the Model section). The actual X is shown on 
the upper abscissa of (B). 
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As stated, the substrate-competing model provides an excellent fit to the rice SL CLD. The 
independent substrate model can also fit the SL range of the rice amylopectin CLD (Figure S3.1A), 
although the fit is not as good (see Discussion). 
The substrate-competing model cannot quantitatively reproduce the prominent Feature C in the 
CLD of the Triticeae tribe, such as wheat (Figure S3.5A). A good fit is obtained by treating enzyme 
sets (i) and (ii) as not competing for the same substrate, which means obeying a separate evolution 
equation in the form of Eqn 3.1 for the CLD for the two additional enzyme sets. Having a given 
range (i.e. SL or TL ranges) of the CLD with contributions from enzymes sets which do not 
compete for the same substrates is the “independent substrate model”. This model fits the wheat 
data (Figure S3.2A). This difference in rice and wheat may lie within the mode of enzymatic 
actions in different species, as hypothesized earlier. 
Chains located in more than a single lamella. 
The calculated SL CLD for rice (Figure 3.3A) also indicates that there are long SL chains (X ≥ 32 
for the present results). These long SL chains, which would protrude out of single lamellae, are 
denoted Type–1 trans-lamella (TL) chains. They contribute to a portion of the chains in the high X 
range (i.e. 32 ≤ X < 60–70). While the fit for shorter SL chains is excellent, the calculated SL CLD 
at high X does not resemble the experimental one. The X at which the calculated CLD significantly 
deviates from the experimental CLD is taken to define the start of the trans-lamella (TL) range 
(Figure 3.3A; 32 ≤ X < 60–70) where the chains are no longer quantitatively described by the SL 
enzyme sets alone. The CLD in the high X range must come from contributions from additional 
enzyme sets. It could be supposed that the additional enzyme sets also act in a substrate-competing 
manner with the SL enzyme sets. However, this is not the case: incorporating the contributions from 
additional enzyme sets in Eqn 3.1 is unable to reproduce the experimental CLD for X ≥ 32 (Text 
S3.2 and Figure S3.3). 
The only way that the CLD can be quantitatively modeled for both rice and wheat for X ≥ 32 is if 
there are additional enzyme sets operating, not competing for the same substrate(s), but 
independently from the SL enzyme sets: the independent substrate model. The additional enzyme 
sets are termed the TL enzyme sets: these enzyme sets (iii) and (iv) for rice are again treated with 
the substrate-competing model as for the SL enzyme sets. The calculated CLD from the TL enzyme 
sets are denoted Type–2 TL chains. 
The TL enzyme sets give the TL kinetic parameters denoted β(iii), X0(iii), Xmin(iii), β(iv), X0(iv) and 
Xmin(iv). The ratios of enzymatic activities for enzyme set (iii) and (iv) are defined analogously to 
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Eqns 3.2–3.3. These parameters have the same steady-state restrictions to those for the SL kinetics 
parameters (see Model section). The calculated type-2 TL CLD is fitted to the corresponding 
experimental CLD (Figure 3.3B), obtained as the difference between the experimental CLD and the 
calculated SL CLD (detailed in the Model section). The fitted type-2 TL CLD quantitatively 
reproduces the observed features: Features D and E. The Feature A-equivalent feature, not apparent 
in the overall experimental CLD (Figure 3.2), is revealed in the type-2 TL CLD obtained by this 
subtraction. A significant change in the near-linear slope is seen at X = 60–70. Chains longer than 
this are presumed to span three lamellae and to be governed by additional independent enzyme sets. 
Accurate data on these chains cannot be obtained with current techniques, and thus are not treated 
here. 
In the substrate-competing model, the SL and TL enzyme sets are independent, and thus a 
parameter h(iii/i), defined in the Model section, is required to specify the relative abundance of the 
CLDs generated from both kinetics; this parameter is obtained by fitting.  
In the independent substrate model, the kinetics of each enzyme set is independent of the others. 
Therefore, the relative abundance of the CLDs from enzyme sets (ii), (iii) and (iv) are ratios in 
relation to that of enzyme set (i) and are specified by the parameters h(ii/i), h(iii/i) and h(iv/i), 
respectively. The quantity h(ii/i) was denoted a2/a1 in our previous paper [24]; the current 
terminology is more appropriate. 
The overall calculated CLD in the substrate-competing model is obtained by summing the 
calculated CLDs from both the SL and the TL enzyme sets. Note that it is the Nde(X) (not log 
Nde(X)) that are summed, although the data are best presented as log Nde(X). This overall calculated 
CLD accurately fits rice amylopectin CLDs (Figure 3.2). 
Fitting model parameters  
Non-linear least-squares fitting with the substrate-competing model was performed on the CLD of 
amylopectin from six replicates of a rice variety, Nipponbare [32]; results are in Figure 3.4. Despite 
the number of parameters involved in these fittings, the standard deviation in the fitted values of 
these parameters from the replicates is quite small, provided that the CLD data are sufficiently 
precise, as is the SL range in the present case. Replicate data beyond the SL range (X ≥ 32) show 
more scatter, as reflected in the range of fitted values (e.g. Figure 3.4, β(iii) and β(iv)). (It is noted that 
the fitted parameters from the substrate-competing model have no simple relationship to those from 
the independent-substrate model; Figure S3.4). 
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Figure 3.4. Fitted parameters for six replicates of the CLD described in Figure 3.2. (A) 
Averages and ± standard deviations (thin bars) of β (the relative branching activity from an 
enzyme set to that of the total propagation from set (i) and (ii) in the SL range, or (iii) and (iv) in 
the TL range) from different enzyme sets; h(iii/i) is the ratio of the maximum of type-2 TL CLD to 
that of the SL CLD. (B) The modes (highest repeating values) of X0 and Xmin (which are discrete 
variables) from different enzyme sets. Where the thin bars are not seen means the standard 
deviation is small. The red and blue colors correspond to the calculated SL and type-2 TL CLD 
in Figure 3.2. 
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Discussion 
Amylopectin CLD synthesis is in a steady state which requires the involvement 
of debranching enzymes 
Amylopectin CLD is governed by at least four enzyme sets. In rice, the SL enzyme sets (i) and (ii), 
giving the SL CLD, appear to be substrate-competing; TL enzyme sets (iii) and (iv), giving the 
type-2 TL CLD, also appear to be substrate-competing. However, the SL enzyme sets are 
independent of the TL enzyme sets (see Results). In wheat, enzyme sets (i) and (ii) appear to be 
described by the independent substrate model while the rest are within the substrate-competing 
model, the same as in rice. 
The modes of actions of the four enzyme sets quantitatively reproduce Features A–E in the rice 
amylopectin CLD (Figure 3.2). This methodology has also been applied with equal success to data 
for many other species and varieties (e.g. Figure S3.5B–D). This implies that there is no need to 
invoke further enzyme classes (i.e. other than SSs, SBEs and DBEs). Calculations show that 
Feature A is dependent on the values of X0(i) and Xmin(ii). It appears as a local maximum when the 
difference between X0 and Xmin is great (Figure S3.6). The local maximum merges with the global 
maximum (Feature B) when the values of X0(i) and Xmin(i) are close (Figure S3.6). Feature A cannot 
be distinguished in rice amylopectin CLD (Figure 3.2), which is reflected in the fitted values of X0(i) 
and Xmin(ii) being close (Figure 3.4). Potato amylopectin CLD (Figure S3.5B) shows Feature A as a 
shoulder, and the difference in the fitted vaues of X0(i) and Xmin(ii) is greater (Figure S3.5). These 
results are consistent with the in vitro characteristics of the SBEs from both rice and potato. Rice 
SBEs generate a single peak in the product CLDs after reaction with linear glucans, while multiple 
peaks are observed with potato SBEs [14,33]. The difference in the X0 and Xmin is the cause of this 
behavior of peaks in the CLDs. 
Even though either the substrate-competing or the independent substrate models yield good fits to 
rice amylopectin CLD (Figure 3.2 and S3.1), the substrate-competing model is favored because it is 
bound to produce a smooth Feature C, as seen in e.g. rice. The substrate-competing model also has 
one less parameter in the SL range (see Model section). 
It is apparent that the type-2 TL chains come from independent TL enzyme sets. Within the TL 
range (X ≥ 32), however, a distinct Feature E from the TL enzyme sets (iii) and (iv) is not apparent 
(e.g. Figure 3.2, Figure S3.5 and Figure 3 in [24]). This is analogous to the smooth Feature C in 
rice. This favors the substrate-competing model for the type-2 TL CLD. 
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The substrate-competing and independent-substrate models are slightly different cases, and may be 
applicable to different ranges of CLDs and in different plant species. This suggests the following 
effects which have not been seen before. (1) Depending on the plant species, enzyme set (i) and (ii) 
may be described by either the substrate-competing or independent-substrate model. (2) A 
significant portion of the chains spanning beyond the SL range, the type-2 TL chains, arises from 
the TL kinetics, which are independent from the SL kinetics. The existence of these chains will be 
seen in a later section to suggest a new tool for biotechnology. (3) The enzyme sets (i.e (iii) and 
(iv)) governing the type-2 TL chains appears to be described by the substrate-competing model in 
all plant species studied. 
It is also inferred from the good fit (Figure 3.2) that the contribution of primer glucans during the de 
novo synthesis of amylopectin molecules is insignificant for amylopectin CLD (i.e. r = 0 in Eqn 
3.7), although the total mass of amylopectin changes in time, and this is governed by primer 
glucans. 
The amylopectin CLD is effectively described by the enzymatic actions (i.e. Nde = Nde.NL in Eqn 
3.7) in a steady state (dNde/dt = 0 in Eqn 3.7), where crystallization does not influence dNde/dt 
(Fcryst = 0 in Eqn 3.7). The mechanism for the steady-state amylopectin CLD formation is 
envisaged as follows. At the surface of a growing starch granule, the steady-state SL kinetics 
govern the amylopectin chains in the nascent SL space; these nascent chains are not yet arranged 
into a crystalline structure. Chains confined to the nascent SL space, amorphous in nature (Figure 
3.5), are referred to as the non-lamellar chains. This is not to be confused with chains that reside in 
the amorphous lamellae in a grown starch granule. Crystallization of glucan chains is a series of 
complex physical processes. Deriving the exact expression for the rate of crystallization would 
require knowledge of both crystallization kinetics between the length and distance of the chains 
forming an α helix with another chain, and a knowledge of influences and interactions from other 
chains. Once crystallization occurs, the CLD is “frozen”: not susceptible to significant enzyme-
induced changes. It is assumed that crystallization of the non-lamellar CLD proceeds in a non-
selective manner with respect to the length of chains X. In other words, a chain of any length has the 
same chance of being frozen in the crystalline structure. It is argued that this freezing effect applies 
not only to the chains that are actually involved in α-helices, but also to the chains that reside in the 
amorphous lamellae. The latter are governed by the steady-state TL kinetics while a starch granule 
is growing, and become entrapped beneath layers of crystalline lamellae in a fully formed starch 
granule (Figure 3.5, where the amorphous lamella is sandwiched by two established crystalline 
lamella). Altogether, the crystallized chains and the frozen chains in the amorphous lamellae make 
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up the steady-state amylopectin CLD in granular starch. This means the amylopectin CLD is simply 
that of the steady-state non-lamellar CLD and the steady-state TL CLD, which are governed by the 
enzymatic action, but then frozen irrespective of chain lengths in the lamella structure of starch 
granules. These conclusions are supported by the close fit of the model, which was developed for 
the CLD prior to crystallization, to amylopectin CLD in rice (Figure 3.2) and other species and 
varieties. 
Not all possible steady-state CLDs may be crystallization-competent. For example, Figure 3.5 of 
Ref. [24] showed a steady-state CLD can be generated with a large value of β > 1, but this yields a 
drastically different CLD to that observed in nature. We have performed fitting of a large number 
and variety of CLDs from the literature and always found β < 1. The steady-state amylopectin CLD 
is a well established feature of granular starches. However, this may or may not apply to all stages 
of granule development or the growth of individual starch granules. For example, the amylopectin 
CLD at an early developmental stage of maize endosperm shows a different CLD to that of the later 
stages [34]. The amylopectin CLDs in A- and B-granules of wheat, which are synthesized at 
different developmental stages of the grain, are also different, but only slightly so [35]; amylopectin 
CLDs in developing barley grains do not show significant differences [31]. Amylopectin in the core 
of maize [36] and potato [37] starch granules contain more long chains compared to the periphery. 
Nevertheless, these discrepancies are minor in terms of the CLD ensemble from all of the starch 
granules developed at different time in cereal endosperms. Systematic study using the model to fit 
these differences in CLDs may provide insight into the biosynthetic pathway at different 
developmental stages of grains and different size granules. 
The amylopectin CLD also varies with the starch-accumulating species, implying that there is a 
range of CLDs (almost certainly associated with an appropriate distribution of spacing between 
branch points) which are crystallization-competent. This may be related to the forms of 
crystallization contribution, Fcryst, in a way which we do not yet understand. 
Both SL and TL kinetic parameters have restrictions for a steady-state amylopectin CLD to form: 
the zero-eigenvalue requirement, as discussed in the Model section. The model implies that if either 
of SL or TL kinetic parameters do not obey these restrictions, the CLD will either proliferate 
indefinitely or disappear in time: a steady-state CLD will not be attained. 
The steady-state condition provides a mathematical proof that precisely balanced ratios of the 
enzymatic activities are one of the requirements for the synthesis of an amylopectin CLD which is 
crystallization-competent. This is an independent confirmation of the conclusion, previously 
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reached solely on the basis of genetic studies, of the absolute requirement for debranching enzyme 
in crystalline amylopectin synthesis (e.g. [2,20,38,39,40]). Loss of relative debranching activities 
will shift the parameters away from the steady state restrictions needed for crystallization-
competent amylopectin CLD to form. We propose that this consequence of the model is entirely 
consistent with, and provides an explanation for, the experimental observation that in the complete 
absence of isoamylase-debranching enzyme activity, non-crystalline phytoglycogen is accumulated 
in the cereal endosperm [20,38]. 
It is apparent from the steady-state surface showing relations between possible ratios of enzymatic 
activities (see Model section and Figure 3.6) that there is a less steep change of the DBE ratio γ(i,ii) 
with respect to the SBE ratio β(ii) than with β(i): the steady state is less sensitive to β(ii) . This is 
consistent with the fact that enzyme set (i), which creates most of the short chains in amylopectin, is 
important for crystalline formation. The weaker β(ii) dependency may explain why the appearance of 
Feature C (Figure 3.2) varies appreciably among different starch-accumulating plants (e.g. rice 
[41]) and wheat (e.g. [42]), noting that enzyme sets (i) and (ii) may be either substrate-competing or 
independent. The variation is also seen within species (e.g. rice [41]). It is speculated that enzyme 
set (ii) (i.e. SS(ii), SBE(ii), DBE(ii)), rather than being genetically defined by particular isoform of 
enzymes, might be a biochemically defined machinery through processes such as phosphorylation, 
enzyme complexation, or other regulatory mechanism [5]. These processes are likely to be less 
consistent across species and varieties, and also subject to the influence of environmental factors. 
 
 
Figure 3.6. The steady-state surface, which describes the restrictions on the parameters for 
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amylopectin CLD to form. Surface generated for X0(i), Xmin(i), X0(ii) and Xmin(ii) = 6, 7, 9 and 14 
respectively. These values are the fitted parameters for Figure 3.2. The thick red line is an 
approximation to the steady-state line in our previous development (Figure 4 in [24]), where the 
exact steady-state line is when β(ii) (as defined in Figure 3.4) = 0. γ(i,ii) is the sum of relative 
debranching activities from set (i) and (ii) to that of propagation from set (i) and (ii). 
 
Inferences from the fitted parameters 
One of the reductionist assumptions in the theoretical development is that enzymatic activities are 
represented by overall average rates (see the Model section). Now, chain-length-dependent 
activities certainly exist: Commuri and Keeling [43] have, for example, shown that SSI has 
different specific activity towards different chain lengths. However, there are insufficient data and 
as yet unresolved complexities in understanding the biosynthetic process. Examples of the concerns 
with respect to data availability are: (1) data are not available for all SS isoforms; (2) the relative 
activity of isoforms changes over time during organ development; (3) the available data are based 
on isolated enzymes in dilute solutions rather than at a soluble/insoluble interface zone; (4) the 
phosphorylation status of the enzymes is not yet known or described; (5) no account has yet been 
taken of possible conformation changes that may occur as part of enzyme complexation. Thus we 
consider that at this time it is more appropriate to use the reductionist assumption rather than 
incomplete data which may be subject to revision as the field matures. Once data to address the 
unknown parameters become available, extensions of the model can be made to include those. The 
fitted parameters, at present, may not reflect the true ratios of enzymatic activities; however, 
qualitative comparisons can be made between them. 
The fitted parameters (Figure 3.4A) show the relative branching activities for the type-2 TL chains 
are lower than those of the SL. This is because long chains are relatively abundant in the type-2 TL 
CLD (Figure 3.3B). Lower relative branching activities means higher rate of chain elongation, and 
thus more long chains. The steady-state condition requires that lower β values in the TL kinetics 
must be accompanied by a lower relative debranching activity than in SL (Figure 3.6). It is 
reasonable to assume that this is because the branching points of the type-2 TL chains, embedded in 
the preceding crystalline lamella, are less accessible to DBEs. 
The shortest X that SBEs can produce is X = 6, as determined by Arabidopsis leaves pulse-chased 
with 14CO2 [16]. Rice (e.g. Figure 3.2) and many other plant species (e.g. Figure S3.5) also show 
the shortest possible amylopectin chain in significant abundance is X = 6. This is consistent with the 
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fitted value X0(i) for rice (Figure 3.4B). There is no definite way of distinguishing if X = 6 from the 
references above represents that of X0 or Xmin at this stage. Related experiments often examine the 
final CLD formed by subjecting glucan polymers to SBEs, and there is at present no unambiguous 
way to determine the transferred glucan minimum DP (Xmin) from that for the remaining glucan 
(X0). 
The quantity giving the relative abundance of type-2 TL chains, h(iii/i), is ~10–2 for rice (Figure 
3.4A), with small values also obtained for many other species (Fig. S5). This implies that the 
contribution from enzyme sets (iii) and (iv), giving the type-2 TL chains that reside in the 
amorphous lamellae, is relatively small compared to the SL chains. This may be because the 
majority of SL chains, when aligned into crystalline lamella, are less likely to be elongated further. 
It is also possible that the physical environment of the amorphous lamellae may obstruct growth of 
the type-2 TL chains due to steric hindrance. Further values for h(iii/i) were found by treating the 
CLDs obtained in [25] with the model (Figure S3.5 bottom panel). The resulting values h(iii/i) are 
correlated with the botanical backgrounds: higher for storage starches in dicots (B-type) than 
monocots (A-type). High-amylose maize (B-type) shows elevated abundance of type-2 TL chains 
compared to normal maize (A-type). Together, these show the variability of h(iii/i), which may be 
associated with the types of crystal forms. A higher h(iii/i)  is found for potato starch (B-type), which 
is consistent with its amorphous lamellae being denser (filled with more glucan materials) 
compared to the A-type starches, a conclusion based on the electron density profiles of stacked 
lamellae [44]. 
Formation of successive arrays of crystalline lamellae in the semi-crystalline 
layers of starch granules 
Fitting various data sets with the substrate-competing model implies that long chains, 32 ≥ X >~ 60–
70 for the particular case fitted in detail here, comprise two types: types-1 and -2 TL chains. The 
former, being involved in crystalline lamellae, is governed by the SL enzyme sets (i.e. SS(i–ii), 
SBE(i–ii) and DBE(i–ii)). The only possible way for this to occur is that longer chains (X ≥ 32) 
originate from a crystalline lamella, protrude from that lamella, span across the contiguous 
amorphous lamella, and are then able to evolve further under SL kinetics and participate in 
crystalline formation in the subsequent crystalline lamella (Figure 3.5, red lines). The type-1 TL 
chains, connecting crystalline lamellae, correspond to the crystalline-lamellar connecting chains in 
the cluster model of amylopectin (e.g. [17]). 
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Type-2 TL chains are governed by the TL enzyme sets (i.e. SS(iii–iv), SBE(iii–iv) and DBE(iii–iv)) 
which are independent of the SL enzyme sets. They are likely to be produced when some of the 
long SL chains protrude from their parent crystalline lamella. It is envisaged that the crystalline 
lamella is established to a degree where the biosynthetic enzymes can no longer “sense” the glucans 
in the crystalline structure. It is then assumed that the protruding portion of these long SL chains 
behaves like short SL chains again. This assumption is taken into account in the model by 
displacing the starting X of the type-2 TL CLD to X = 1 when fitting (see Model section). The type-
2 TL chains evolving under the TL enzyme sets are suggested to remain in the amorphous lamellae 
(Figure 3.5, blue lines), which can explain the different parameters in for the type-2 TL chains 
(Figure 3.4A). The existence of type-2 TL chains has not been distinguished previously in the 
cluster model of amylopectin. They are ~ 2.2 times more numerous than the type-1 TL chains for 
the particular case fitted in detail here (the total number of chains of type-2 to type-1 TL chains for 
32 ≥ X >~ 60–70). 
The formation of successive arrays of crystalline lamellae is envisaged as follows. Consider a 
randomly branched nascent SL space at the periphery of a growing starch granule. The CLD 
confined to this space is governed by the SL kinetics in a steady state. To facilitate crystallization, 
“improperly positioned” chains are removed by the action of DBEs. While chain removal is 
occurring, a steady-state CLD is always maintained because there are contributions from the SSs 
and SBEs with rates in a steady-state with that of the DBEs. For chains in the nascent SL space to 
crystallize, a steady-state CLD must be attained; other factors may include the branch spacing, 
which has been proposed to facilitate crystallization (e.g. [3,19]). Crystallization freezes a 
distribution of chain lengths in the non-lamellar phase and in the amorphous lamellae beneath in a 
growing starch granule non-selectively (discussed earlier). This gives the steady-state amylopectin 
CLD in granular starch. Some longer SL chains (X ≥ 32) protrude their originating crystalline 
lamellae, are captured in the materializing subsequent crystalline lamella, and evolve to type-1 TL 
chains (Figure 3.5). The rest of the long SL chains remain in the contiguous amorphous lamella and 
evolve under TL kinetics to form the type-2 TL chains, which is a new type of branch both in the 
amylopectin cluster model [17] and in the “two-step branching and improper branch clearing 
model” proposed by Nakamura [3]. 
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Figure 3.5. A proposed mechanism for the formation of the arrays of semi-crystalline 
lamellae in amylopectin. C and A indicate the crystalline and amorphous lamellae. The purple 
shaded regions indicate the nascent SL space where non-lamellar amylopectin chains, amorphous 
in nature, are being formed. Types of chains: (1) single-lamella (SL) chains that are (mostly) 
confined in crystalline lamellae (grey lines); (2) type-1 TL chains, crystalline-lamella-connecting 
chains, which span more than one crystalline lamellae (red lines); (3) type-2 TL chains, non-
lamella-connecting chains, which protrude the SL space but remain in the amorphous lamellae 
(blue lines). The longest chain length confined to a crystalline lamella, predicted from Figure 3.2, 
is X ~ 31 (i.e. chains ≥ 32 enters the contiguous amorphous lamella), while longer SL chains (red 
lines) with X ~ 60–70 are sufficiently long to participate in crystalline formation in the 
subsequent crystalline lamella. 
 
The semi-crystalline structure in starch granules is produced by a repetitive synthesis of the 
crystalline and amorphous lamellae as described above. This implies that amylopectin chains form 
semi-crystalline structures progressively in layers, through successive lamellar formation. 
A new parameterization tool for structure-property relations 
This CLD model provides a new parameterization, which reduces the amylopectin CLD to a small 
number of meaningful biosynthetic-based parameters (Figure 3.4) for comparisons between species 
and mutants. The actual parameters are β(i), X0(i), Xmin(i), β(ii), X0(ii), Xmin(ii), β(iii), X0(iii), Xmin(iii), β(iv), 
X0(iv), Xmin(iv) and h(iii/i) (in practice, e.g. [45], not all of these are needed). This is an alternative to 
the widely used empirical approaches, such as difference plots, for comparisons between different 
CLDs (e.g. [3,19,20,35,42]). 
It has been found (e.g. [45]) that this new parameterization provides an improved tool for a 
statistical identification of structurally important characteristics of a starch with regard to properties 
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such as crystallinity and digestibility. This parameterization is physically based, and is able to 
represent the entire CLD accurately in terms of a few parameters; it thus encompasses all 
information in empirical representations such as difference plots. 
Insight into starch biosynthesis for plant biotechnology 
The significant implication for plant biotechnology from this work is that two types of TL chains 
are distinguished in the substrate-competing model as for rice and their relative abundance, h(iii/i), 
may not be restricted by a steady-state condition as for the SL and TL kinetic parameters. It is not 
clear what controls h(iii/i). It is possible that the variability of this quantity is associated with the 
nature of crystal forms as discussed earlier. This points to the need for understanding the factors 
influencing the synthesis of type-2 TL chains in the amorphous lamellae for developing starch with 
elevated abundance of long chains. There is evidence that slowly digestible starch is positively 
correlated with abundance in long and intermediate chains, which may have nutritional benefits 
[46,47]. Of course, this may not be the only mechanism for quality foods: e.g., resistant starch, 
which has considerable health benefits, can be obtained from different starches and structures and 
processing treatments [48].  
The modeling approach set out in this paper has the potential to aid in the understanding of starch 
structures and their manipulations. 
Model 
The current paper gives three major advances on the earlier model which improve the model starch 
biosynthesis. (1) The present model takes into account de novo initiation of amylopectin molecules 
from glucan primers, synthesis of branched molecules and alignment of chains into crystalline 
structure. (2) The model takes into account, if appropriate for the plant species under study, that SL 
chains can be governed by the substrate-competing actions of enzyme set (i) and (ii) (i.e. SS(i–ii), 
SBE(i–ii), DBE(i–ii)). For substrate-competing enzyme sets, the rate equations include all the 
contributions from both enzyme sets in an overall time evolution equation (e.g. Eqn 3.1). This 
means the substrates are susceptible to either of the enzyme sets. As a result of this treatment, the 
relative abundance of the CLDs, governed by enzyme set (i) and (ii), does not need to be specified. 
This reduces the model parameters by one. The substrate-competing model is an alternative to our 
previous independent substrate model [24] where the evolution equation for each enzyme set was 
treated independently and the relative abundance of the CLDs from enzyme sets and (ii) in relation 
to the CLD from enzyme sets (i) was required. (3) Michaelis-Menten kinetics are incorporated 
(Text S3.1). 
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The concentration (e.g. mol dm–3) of the non-lamellar CLD in the nascent SL space, assumed to be 
on the outermost surface of a starch granule, at time t is denoted ~Nde.NL(X, t). The non-lamellar CLD 
describes the chains that are not yet arranged in crystalline lamellae in starch granules, as opposed 
to lamellar CLD. The time evolution of the SL CLD, is given in Eqn 3.1 and derived in Text S3.1 
(Eqn S3.1–S3.14). 
∂ Nde.NL(X , t)
∂t
= aˆSS(i)g(t)+ aˆSS(ii)g(t)( ) Nde.NL(X −1)− Nde.NL(X )#$ %&
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∞
∑
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∞
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− aDBE(i) + aDBE(ii)( ) Nde.NL(X )− fcryst Nde.NL(X )+ r(X )  Eqn 3.1 
The rate of ADP-glucose addition is (âSS(i) g(t) + âSS(ii) g(t)) multiplied by the concentration of 
available non-reducing ends; g(t) is the ADP-glucose concentration (e.g. with units mol dm–3). The 
rate âSS(i) is the time-independent part of the overall rate of ADP-glucose addition through SS(i) 
during elongation of glucan chains, with units of dm3 mol–1 s–1; aSBE(i) is the rate at which branching 
proceeds by SBE(i) in enzyme set (i), with units of s–1; aDBE(i) is the rate for debranching with the 
same units as aSBE(i). The rate of glucan materials incorporated into the overall CLD during the de 
novo synthesis of amylopectin is r(X), with units of mol dm–3 s–1.  fcryst is the rate (units of s–1) at 
which the non-lamellar chains with DP X crystallize driven by physical rather than enzymatic 
processes. H(y) is a step function: H(y) = 0 for y < 0, = 1 for y ≥ 0, and appears because of various 
constraints (i.e. X0 and Xmin) on SBEs (Figure 3.1 and Eqns S3.4–3.6). All enzymatic activities are 
assumed time- and chain-length independent except for the time-dependent ADP-glucose 
concentration g(t) and the effects of X0, Xmin for SBEs. Activities are overall average rate 
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parameters (e.g. âSS(i)). These average rate parameters specifically include the Michaelis-Menten 
rate coefficients (Text S3.1). 
The rate âSS(i) g(t) + âSS(ii) g(t) is factored out from the right-hand side of Eqn 3.1 in terms of the 
quantities: 
β(i) =
aSBE(i)
aSS(i) + aSS(ii)
;aSS(i) = aˆSS(i)g(t);aSS(ii) = aˆSS(ii)g(t)  Eqn 3.2 
β(ii) =
aSBE(ii)
aSS(i) + aSS(ii)
 Eqn 3.3 
γ (i,ii) =
aDBE(i) + aDBE(ii)
aSS(i) + aSS(ii)
 Eqn 3.4 
Define a vector ~Nde.NL(t) whose elements comprise the ~Nde.NL(X, t) and, likewise, a vector r for r(X). 
Eqn 3.1 is converted to matrix notation in Eqn 3.5. 
∂ Nde.NL(t)
∂t
= aˆSS(i)g(t)+ aˆSS(ii)g(t)( )Ω Nde.NL −Fcryst Nde.NL + r  Eqn 3.5 
Here the matrix Ω has elements comprising the rate of change of the vector ~Nde.NL as given in the 
right hand side of Eqn 3.1; these elements are the contributions of enzyme set (i) and (ii). Fcryst is a 
diagonal matrix giving the crystallization contribution. 
Derivation of the steady-state solution 
The concentration of the lamellar CLD, ~Nde(X, t), is determined by the rate of crystallization of ~N
de.NL(X, t). Once the chains are arranged into lamellar structure in starch granules it is assumed that 
they are “frozen” and thus not susceptible to significant enzyme-induced changes [49]. Thus the 
time evolution of the absolute concentration of the lamellar CLD is given by: 
∂ Nde (t)
∂t
= Fcryst Nde.NL  Eqn 3.6 
The lamellar CLD is approximated as independent of time as discussed in the Introduction. Nde(X) 
(the relative number of chains) is related to ~Nde(X, t) (the actual concentration of chains) by: 
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Nde (X ,t) = B(t)Nde (X )  
where B(t) is related to the overall rate of synthesis/degradation of starch in time. 
The rate of change of the SL lamellar CLD is then, in matrix notation: 
dNde
dt
=ΩNde = 0  Eqn 3.7 
Eqn 3.7 is derived from Eqn 3.5, which describes the evolution of the SL CLD, by considering that 
the rate of change of the SL CLD in cereal endosperms, governed by the two SL enzyme sets (i.e. 
SS(i–ii), SBE(i–ii) and DBE(i–ii)), is at a steady state (i.e. the right hand side of Eqn 3.5 = 0); 
putting r = 0; Fcryst = 0; Nde = Nde.NL; and dividing Eqn 3.5 by âSS(i) g(t) + âSS(ii) g(t). These 
assumptions, necessary for solving for Nde, explained in the discussion, give a mechanism for the 
attainment of the steady-state lamellar CLD. 
Eqn 3.7, a system of infinite linear equations, has the solution (see e.g. [24]) (Eqn 3.8): 
Nde (t) = e
λitciui
i=1
∞
∑  Eqn 3.8 
ciui =Nde (t = 0)
i=1
∞
∑  Eqn 3.9 
where λi is the ith eigenvalue of Ω and ui is the corresponding eigenvector; ci is obtained by solving 
the appropriate relation (Eqn 3.9) as a system of simultaneous equations. Nde(t = 0) is a vector 
whose elements comprise all the elements of Nde(X, t = 0), which give the lamellar CLD at the 
beginning of the period in question. Practically, i is truncated at a sufficiently large value (~110) so 
that Nde(t) converges to within a desirable tolerance. 
The solution of Eqn 3.8 is dictated by the SL kinetic parameters: β(i), X0(i), Xmin(i), β(ii), X0(ii), Xmin(ii) 
and γ(i,ii). The only way that a unique steady-state CLD is obtained at long times is if one eigenvalue 
is exactly zero and all others are negative. If one or more eigenvalues are positive, the CLD grows 
indefinitely, while the contributions from the negative eigenvalues disappear in a short induction 
time, leaving that for the zero eigenvalue. The steady-state CLD is then given by the eigenvector 
corresponding to the zero eigenvalue. 
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The steady-state SL CLD restricted to only a particular set of SL parameters which are conveniently 
presented by a steady-state surface for a given set of values of X0(i), Xmin(i), X0(ii) and Xmin(ii) (Figure 
3.6). This surface gives γ(i,ii) as a function of β(i) and β(ii), which then excludes the need to have γ(i,ii) 
as an independent parameter: γ(i,ii) is a function of β(i), β(ii), X0(i), Xmin(i), X0(ii) and Xmin(ii). The surface 
depends on the values of the various X0 and Xmin, but the basic shape of the surface is retained. The 
steady-state surface is analogous to the “steady-state line” depicted in Figure 3.4 of our previous 
paper [24], but with one extra dimension: β(ii). The slice of the surface at β(ii) = 0 gives the previous 
steady-state line. Any point on the steady-state surface gives a set of eigenvalues (Eqn 3.8) 
comprising exactly one zero eigenvalue and the rest negative. 
Method of fitting the model to experimental CLDs 
A freeware Fortran program for least-squares fitting both the substrate-competing and independent 
substrate models to amylopectin CLD in cereal endosperms such as rice, implementing the 
mathematical treatment development given above, is available for download (Text S3.3–3.4 and 
[50]). A detailed step-by-step guide and examples of fitting (Figure S3.7–S3.11) are also provided. 
Fitting is carried out by non-linear least squares fitting of Eqn 3.8 to the SL range of the 
experimental CLD with this Fortran program. As apparent from Figure 3.3A, SL chains alone do 
not reproduce the Features D and E, as discussed in the Results section. The calculated SL CLD is 
subtracted from the experimental CLD and the difference, referred to as the type-2 TL CLD. In 
order to treat the type–2 TL CLD the starting X of the type-2 TL CLD (X = 32 in rice amylopectin 
CLD (Figure 3.3A)) is displaced to X = 1 and then fitted as described for the SL CLD. The 
implication of the displacement treatment is given in the Discussion. It is assumed that the type-2 
TL chains are governed by two TL enzyme sets (i.e. SS(iii–iv), SBE(iii–iv) and DBE(iii–iv)) acting 
in a substrate-competing manner, analogous to enzyme sets (i) and (ii), in a steady state. 
The ratio of the maximum of the type-2 TL CLD to that of the SL CLD in the substrate-competing 
model is given by the quantity h(iii/i). This is found by subtracting the calculated SL CLD, with a 
maximum of h(i), from the experimental CLD and dividing the maximum of the calculated type-2 
TL CLD, with a maximum of h(iii), by h(i). For convenience the SL CLD is always normalized to a 
maximum of 1 (i.e. h(i) = 1). The ratio of h(iii) to this h(i) is referred to as h(iii/i). 
The overall fitting is obtained by adding the calculated SL CLD (normalized to a maximum of 1) 
and the calculated type-2 TL CLD (removing the displacement in X) normalized to a maximum of 
h(iii/i). This is given by: 
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Nde (X ) = Nde.SL (X )+ h(iii/i)Nde.type-2 TL (X )  
Acknowledgement 
We thank Dr. Jovin Hasjim and Prof. Melissa Fitzgerald for useful discussions, and Dr. Vito M. 
Butardo who kindly made available raw FACE data for the CLD of rice starch. 
References 
1. Jenkins JPJ, Cameron RE, Donald AM (1993) A universal feature in the structure of starch 
granules from different botanical sources. Starch-Starke 45: 417-420. 
2. Mouille G, Maddelein ML, Libessart N, Talaga P, Decq A, et al. (1996) Preamylopectin 
processing: A mandatory step for starch biosynthesis in plants. Plant Cell 8: 1353-1366. 
3. Nakamura Y (2002) Towards a better understanding of the metabolic system for amylopectin 
biosynthesis in plants: Rice endosperm as a model tissue. Plant and Cell Physiology 43: 
718-725. 
4. Ball SG, Morell MK (2003) From bacterial glycogen to starch: Understanding the biogenesis of 
the plant starch granule. Annual Review of Plant Biology 54: 207-233. 
5. Tetlow IJ (2011) Starch biosynthesis in developing seeds. Seed Science Research 21: 5-32. 
6. Jeon J-S, Ryoo N, Hahn T-R, Walia H, Nakamura Y (2010) Starch biosynthesis in cereal 
endosperm. Plant Physiology and Biochemistry 48: 383-392. 
7. Fujita N, Yoshida M, Asakura N, Ohdan T, Miyao A, et al. (2006) Function and characterization 
of starch synthase I using mutants in rice. Plant Physiology 140: 1070-1084. 
8. Umemoto T, Yano M, Satoh H, Shomura A, Nakamura Y (2002) Mapping of a gene responsible 
for the difference in amylopectin structure between japonica-type and indica-type rice 
varieties. Theoretical and Applied Genetics 104: 1-8. 
9. Fujita N, Yoshida M, Kondo T, Saito K, Utsumi Y, et al. (2007) Characterization of SSIIIa-
Deficient mutants of rice: The function of SSIIIa and pleiotropic effects by SSIIIa 
deficiency in the rice endosperm. Plant Physiology 144: 2009-2023. 
10. Roldan I, Wattebled F, Lucas MM, Delvalle D, Planchot V, et al. (2007) The phenotype of 
soluble starch synthase IV defective mutants of Arabidopsis thaliana suggests a novel 
function of elongation enzymes in the control of starch granule formation. Plant Journal 49: 
492-504. 
11. Szydlowski N, Ragel P, Raynaud S, Lucas MM, Roldan I, et al. (2009) Starch Granule Initiation 
in Arabidopsis Requires the Presence of Either Class IV or Class III Starch Synthases. Plant 
Cell 21: 2443-2457. 
12. Boyer CD, Preiss J (1978) Multiple forms of (1-4)-alpha-D-glucan, (1-4)-alpha-D-glucan-6-
glycosyl transferase from developing Zea-Mays-L kernels. Carbohydrate Research 61: 321-
334. 
13. Rahman S, Regina A, Li ZY, Mukai Y, Yamamoto M, et al. (2001) Comparison of starch-
branching enzyme genes reveals evolutionary relationships among isoforms. 
Characterization of a gene for starch-branching enzyme IIa from the wheat D genome donor 
Aegilops tauschii. Plant Physiology 125: 1314-1324. 
14. Nakamura Y, Utsumi Y, Sawada T, Aihara S, Utsumi C, et al. (2010) Characterization of the 
Reactions of Starch Branching Enzymes from Rice Endosperm. Plant and Cell Physiology 
51: 776-794. 
15. Guan H, Li P, Imparl-Radosevich J, Preiss J, Keeling P (1997) Comparing the properties of 
Escherichia coli branching enzyme and maize branching enzyme. Archives of Biochemistry 
and Biophysics 342: 92-98. 
 62 
16. Nielsen TH, Baunsgaard L, Blennow A (2002) Intermediary glucan structures formed during 
starch granule biosynthesis are enriched in short side chains, a dynamic pulse labeling 
approach. Journal of Biological Chemistry 277: 20249-20255. 
17. Hizukuri S (1986) Polymodal distribution of the chain lengths of amylopectins, and its 
significance. Carbohydrate Research 147: 342-347. 
18. Myers AM, Morell MK, James MG, Ball SG (2000) Recent progress toward understanding 
biosynthesis of the amylopectin crystal. Plant Physiology 122: 989-997. 
19. Delatte T, Trevisan M, Parker ML, Zeeman SC (2005) Arabidopsis mutants Atisa1 and Atisa2 
have identical phenotypes and lack the same multimeric isoamylase, which influences the 
branch point distribution of amylopectin during starch synthesis. Plant Journal 41: 815-830. 
20. Wattebled F, Planchot V, Dong Y, Szydlowski N, Pontoire B, et al. (2008) Further Evidence for 
the Mandatory Nature of Polysaccharide Debranching for the Aggregation of 
Semicrystalline Starch and for Overlapping Functions of Debranching Enzymes in 
Arabidopsis Leaves. Plant Physiology 148: 1309-1323. 
21. Colleoni C, Dauvillee D, Mouille G, Buleon A, Gallant D, et al. (1999) Genetic and 
biochemical evidence for the involvement of alpha-1,4 glucanotransferases in amylopectin 
synthesis. Plant Physiology 120: 993-1003. 
22. Critchley JH, Zeeman SC, Takaha T, Smith AM, Smith SM (2001) A critical role for 
disproportionating enzyme in starch breakdown is revealed by a knock-out mutation in 
Arabidopsis. Plant Journal 26: 89-100. 
23. Bresolin NS, Li Z, Kosar-Hashemi B, Tetlow IJ, Chatterjee M, et al. (2006) Characterisation of 
disproportionating enzyme from wheat endosperm. Planta 224: 20-31. 
24. Wu AC, Gilbert RG (2010) Molecular Weight Distributions of Starch Branches Reveal Genetic 
Constraints on Biosynthesis. Biomacromolecules 11: 3539-3547. 
25. Morell MK, Samuel MS, O'Shea MG (1998) Analysis of starch structure using fluorophore-
assisted carbohydrate electrophoresis. Electrophoresis 19: 2603-2611. 
26. O'Shea MG, Samuel MS, Konik CM, Morell MK (1998) Fluorophore-assisted carbohydrate 
electrophoresis (FACE) of oligosaccharides: efficiency of labelling and high-resolution 
separation. Carbohydrate Research 307: 1-12. 
27. Tomlinson KL, Lloyd JR, Smith AM (1997) Importance of isoforms of starch-branching 
enzyme in determining the structure of starch in pea leaves. Plant Journal 11: 31-43. 
28. Yoo SH, Jane JL (2002) Molecular weights and gyration radii of amylopectins determined by 
high-performance size-exclusion chromatography equipped with multi-angle laser-light 
scattering and refractive index detectors. Carbohydrate Polymers 49: 307-314. 
29. Inouchi N, Glover DV, Takaya T, Fuwa H (1983) Development changes in fine-structure of 
starches of several endosperm mutants of maize. Starke 35: 371-376. 
30. Asaoka M, Okuno K, Sugimoto Y, Fuwa H (1985) Developmental-changes in the structure of 
endosperm starch of rice (oryza-sativa-L). Agricultural and Biological Chemistry 49: 1973-
1978. 
31. Burton RA, Jenner H, Carrangis L, Fahy B, Fincher GB, et al. (2002) Starch granule initiation 
and growth are altered in barley mutants that lack isoamylase activity. Plant Journal 31: 97-
112. 
32. Butardo VM, Fitzgerald MA, Bird AR, Gidley MJ, Flanagan BM, et al. (2011) Impact of down-
regulation of starch branching enzyme IIb in rice by artificial microRNA- and hairpin RNA-
mediated RNA silencing. Journal of Experimental Botany 62: 4927-4941. 
33. Rydberg U, Andersson L, Andersson R, Aman P, Larsson H (2001) Comparison of starch 
branching enzyme I and II from potato. European Journal of Biochemistry 268: 6140-6145. 
34. Li L, Blanco M, Jane J-l (2007) Physicochemical properties of endosperm and pericarp starches 
during maize development. Carbohydrate Polymers 67: 630-639. 
35. Ao Z, Jane J-l (2007) Characterization and modeling of the A- and B-granule starches of wheat, 
triticale, and barley. Carbohydrate Polymers 67: 46-55. 
 63 
36. Pan DD, Jane JL (2000) Internal structure of normal maize starch granules revealed by chemical 
surface gelatinization. Biomacromolecules 1: 126-132. 
37. Jane JL, Shen JJ (1993) Internal structure of the potato starch granule revealed by chemical 
gelatinization. Carbohydrate Research 247: 279-290. 
38. Streb S, Delatte T, Umhang M, Eicke S, Schorderet M, et al. (2008) Starch Granule 
Biosynthesis in Arabidopsis Is Abolished by Removal of All Debranching Enzymes but 
Restored by the Subsequent Removal of an Endoamylase. Plant Cell 20: 3448-3466. 
39. Zeeman SC, Northrop F, Smith AM, ap Rees T (1998) A starch-accumulating mutant of 
Arabidopsis thaliana deficient in a chloroplastic starch-hydrolysing enzyme. Plant Journal 
15: 357-365. 
40. James MG, Robertson DS, Myers AM (1995) Characterization of the maize gene sugary1, a 
determinant of starch composition in kernels. Plant Cell 7: 417-429. 
41. Waters DLE, Henry RJ, Reinke RF, Fitzgerald MA (2006) Gelatinization temperature of rice 
explained by polymorphisms in starch synthase. Plant Biotechnology Journal 4: 115-122. 
42. Konik-Rose C, Thistleton J, Chanvrier H, Tan I, Halley P, et al. (2007) Effects of starch 
synthase IIa gene dosage on grain, protein and starch in endosperm of wheat. Theoretical 
and Applied Genetics 115: 1053-1065. 
43. Commuri PD, Keeling PL (2001) Chain-length specificities of maize starch synthase I enzyme: 
studies of glucan affinity and catalytic properties. Plant Journal 25: 475-486. 
44. Vermeylen R, Goderis B, Reynaers H, Delcour JA (2004) Amylopectin molecular structure 
reflected in macromolecular organization of granular starch. Biomacromolecules 5: 1775-
1786. 
45. Witt T, Doutch J, Gilbert EP, Gilbert RG (2013) The relations between molecular, crystalline 
and lamellar structures of amylopectin. submitted. 
46. Benmoussa M, Moldenhauer KAK, Hamaker BR (2007) Rice amylopectin fine structure 
variability affects starch digestion properties. J Agricultural and Food Chem 55: 1475-1479. 
47. Lehmann U, Robin F (2007) Slowly digestible starch - its structure and health implications: a 
review. Trends in Food Science & Technology 18: 346-355. 
48. Sharma A, Yadav BS, Ritika (2008) Resistant starch: Physiological roles and food applications. 
Food Reviews International 24: 193-234. 
49. Edner C, Li J, Albrecht T, Mahlow S, Hejazi M, et al. (2007) Glucan, water dikinase activity 
stimulates breakdown of starch granules by plastidial beta-amylases. Plant Physiology 145: 
17-28. 
50. Wu AC, Gilbert RG; 2013; "Program “APCLDFIT”"; Sourceforge website. Available: 
https://sourceforge.net/projects/starchcldfit/?source=directory. Accessed 2013 May 
  
 64 
Chapter 4: Applying the reserve-starch model on starches from different 
botanical sources to understand the biosynthestic mechanisms 
The relevance of this chapter with respect to the aim of this thesis is described in the Abstract and 
Results/Discussion. 
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ABSTRACT 
The molecular structures of amylose and amylopectin have an impact on functional properties of 
starch-containing food. This is the first study comparing amylose size distributions from various 
plant sources. Chain-length distributions (CLDs) of amylose and amylopectin branches (“fine 
structure”) are characterized using size-exclusion chromatography (sometimes termed GPC) and 
parameterized by both a biosynthesis-based and empirical fits, to understand starch biosynthesis 
mechanism and to identify associations with starch digestibility. All starches show bimodal amylose 
weight CLDs, varying with plant sources, with potato tuber and sweet potato root starch having 
relatively longer branches than the others. The digestograms of all starches fit first-order kinetics. 
Unlike what has been seen in cooked grains/flours, amylose and amylopectin fine structures have 
no association with the digestibility of freshly gelatinized starch. This suggests that the observed 
effect in cooked grains/flours arises from a secondary interaction between amylose fine structure 
and higher-order structural features. 
 
KEYWORDS: starch, amylose, size-exclusion chromatography, chain-length distribution, 
biosynthesis, digestibility   
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INTRODUCTION 
Starch is the main carbohydrate reserve in plants, is a major source of energy in human diet and 
animal feed and has wide applications in industry. It is a polysaccharide, wherein the D-glucose 
monomer units are linearly extended by α-(1⟶4) glycosidic linkages and the branches are 
connected by α-(1⟶6) glycosidic linkages as branching points. Starch consists of two main 
molecules: amylose— mostly linear with molecular weight 105 – 106) and a few long branches, and 
amylopectin, the main component of normal starches, which is hyper-branched with much higher 
molecular weight (107 – 108) and a vast number of short-chain branches. Both components have 
broad distributions of size and molecular weight. A common means of characterizing structure is 
the chain-length distribution (CLD): the weight or number distribution of individual chains 
following enzymatic debranching. We use the term “fine structure” to describe this. 
Starch is synthesized in plants in various organs, including seeds, roots, tubers and fruits, and in 
a wide range of species. Its structure of starch varies with plant source, contributed by the 
differences in the coordinated action of a series of enzymes involved in starch biosynthesis, 
including starch synthases (SSs), starch branching enzymes (SBE) and starch debranching enzymes 
(DBE).1 The molecular structure of amylopectin and the amylose content of many starches have 
been widely reported. However, amylose fine structure from different botanical sources is 
essentially unexplored.  
The molecular structure of starch has significant impacts on its nutritional properties for humans, 
especially digestibility.2 Rapidly digested starch leads to a high postprandial glycemic response and 
is believed to be related to some chronic diseases, including insulin resistance, diabetes and obesity. 
Slowing down the digestion rate of starch, on the other hand, is beneficial in preventing diet-related 
metabolic diseases.3, 4 Similar to other dietary fibres, resistant starch (RS), the component of a 
starch that is not digested in the small intestine, is associated with the reduced risk of acquiring 
colorectal cancer.5 
Some relationships between starch structure and digestibility have been reported: e.g., starches 
with short amylopectin branches are more susceptible to enzyme digestion.6 It has also been 
reported that so-called “high-amylose” starches tend to have more RS compared to normal and 
waxy starches.7, 8 It is noted in this context that “high-amylose” starches are in fact starches 
containing a significant number of long chains, which could either belong to true amylose or be 
long amylopectin chains. Relationships between amylose fine structure and digestibility are still 
lacking due to limited data on amylose, with only a few studies on the impacts of amylose 
molecular fine structure on starch digestibility.9-11 
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This paper is the first study comparing amylose fine structures from different plant species and 
botanical origins, as well as discussing their impacts on starch digestion properties. The CLDs of 
amylose and amylopectin branches are characterized using size-exclusion chromatography (SEC) 
after enzymatic debranching. The amylopectin CLDs were fitted with a mathematical model based 
on starch biosynthetic processes to reduce the CLDs to a few parameters from which the entire 
CLD to be reproduced using the model and which are based on the underlying biosynthetic 
processes;12, 13 having just a few parameters rather than a whole curve greatly facilitates statistically 
meaningful comparison between different starch samples. The in vitro enzymatic digestion of 
freshly cooked starch samples is investigated, and correlations between amylose fine structure and 
starch digestibility are investigated.  
MATERIALS AND METHODS 
Materials 
Four varieties of sorghum grains (RTx2737, B296, ICSV400, BTx3054) grown in Narrabri 
(NSW, Australia) were provided by Dr. Alan Cruickshank from the Department of Agriculture, 
Fisheries and Forestry Queensland, Warwick, QLD, Australia. One sorghum variety (S10) grown in 
Liverpool (NSW, Australia) was supplied by Professor Ian D. Godwin, the University of 
Queensland, Brisbane, QLD, Australia. Barley grains from two commercial cultivars (Shepherd and 
Mackay) and two breeding lines (ND18076 and ND19119-5), developed by Dr. Jerome D. 
Franckowiak, were grown at Hermitage Research Facility, Warwick, QLD, Australia, and provided 
by Dr. Glen Fox from the University of Queensland, who also supplied commercially available 
barley grain (Schooner) from an alternate location (Toowoomba, QLD, Australia). Rice grains from 
four breeding lines (YRI08-04-10, YRJ08-03-13, YRA08-03-10 and YRD08-05-05) were supplied 
by Yanco Agricultural Institute, Department of Primary Industries, Yanco, NSW, Australia. In 
addition, Nipponbare rice grain, maize grain, wheat grain, field pea and cow pea samples were 
supplied by Dr. Matthew K. Morell, CSIRO, Canberra, Australia. Potato tuber and sweet potato 
root samples were purchased from a grocery store in Brisbane, QLD, Australia.  
Protease from Streptomyces griseus (type XIV), pancreatin from porcine pancreas and LiBr 
(ReagentPlus) were purchased from Sigma – Aldrich Pty. Ltd. (Castle Hill, NSW, Australia). 
Isoamylase (from Pseudomonas sp.), amyloglucosidase (from Aspergillus niger) and D-Glucose 
(GOPOD Format) kit were purchased from Megazyme International Ltd. (Bray, Co. Wicklow, 
Ireland). A series of pullulan standards with peak molecular weights ranging from 342 to 2.35 × 106 
were purchased from Polymer Standards Service (PSS) GmbH (Mainz, Germany). Dimethyl 
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sulfoxide (DMSO, GR grade for analysis) was purchased from Merck Co. Inc. (Kilsyth, VIC, 
Australia). All other chemicals were reagent grade and used as received. 
Extraction, Dissolution and Debranching of Starch Molecules for Structural 
Analysis 
All starch samples were extracted and dissolved in DMSO solution with 0.5 % w/w LiBr 
(DMSO/LiBr) following a method described elsewhere14, 15 with minor modifications. Legume 
seeds were used as harvested, cereal grains were manually dehulled, while potato tubers and sweet 
potato roots were manually peeled, cut into smaller cubes, then freeze-dried. Each sample was then 
ground into fine flour using a cryo-mill (Freezer/Mill 6850 SPEX, Metuchen, NJ, USA) in a liquid 
nitrogen bath. Milling was for 5 min at 10 s-1. Each milled flour was treated with protease and 
sodium bisulfite solution followed by centrifugation to remove protein. The treated flour was 
dissolved in DMSO/LiBr solution and precipitated using ethanol (each treatment followed by 
centrifugation) to remove insoluble and soluble non-starch components, respectively. The 
precipitate (extracted starch) was debranched using isoamylase following the method of Hasjim, et 
al.16 neutralized to pH ~7 using 0.1 M NaOH, heated in a water bath at 80 °C for 2 h, freeze-dried 
and then dissolved in DMSO/LiBr solution for subsequent analysis by SEC.  
Size-Exclusion Chromatography 
The SEC weight distribution of debranched starch was analyzed in duplicate using an Agilent 
1100 Series SEC system (Agilent Technologies, Waldbronn, Germany) equipped with a refractive 
index detector (RID; ShimadzuRID-10A, Shimadzu Corp., Kyoto, Japan) as described elsewhere.25, 
26 The background theory for the following treatment has been given in detail by Castro, et al.27 A 
series of SEC columns (GRAM precolumn, GRAM 100 and GRAM 1000 columns, PSS) placed in 
an oven at 80 °C were used to separate the debranched starch molecules. DMSO/LiBr solution was 
used as the mobile phase with a flow rate of 0.6 mL/min. Pullulan standards were used for 
calibration to convert from SEC elution volume to the hydrodynamic volume Vh or the 
corresponding radius Rh using the Mark – Houwink equation. The Mark–Houwink parameters K 
and α of pullulan in DMSO/LiBr solution at 80 °C are 2.424×10–4 dL g–1 and 0.68, respectively.25 
This relation was also used to calculate the DP of debranched starch molecules from Rh. The Mark–
Houwink parameters K and α for linear starch in DMSO/LiBr at 80 °C are 0.0150 mL g–1 and 
0.743, respectively.28 For linear polymers (such as debranched starch), the number distribution, 
N(X), can be obtained from the corresponding weight distribution obtained from the RID detector 
using the relation26, 27 w(log X) = X2 N(X) 
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Fitting amylopectin number CLDs with a biosynthesis model 
The number CLD of amylopectin as a function of DP can be used to understand the enzymatic 
biosynthetic processes of amylopectin molecules in the plants. Each number CLD of amylopectin 
branches was fitted with a model of amylopectin biosynthesis,12, 13 using publicly available code.29 
The model considers the activities of the three core starch biosynthetic enzymes: soluble starch 
synthases that elongates glucan chains of amylopectin (termed SS, a role for amylose taken by 
granule-bound starch synthase, GBSS), SBE (which introduces branches) and DBE (which trims 
excess branches). By fitting the number CLD of amylopectin with this model, a series of parameters 
can be obtained characterizing the enzymatic processes of the amylopectin biosynthesis. The 
activity ratios of SBE to SS, and of DBE to SS, are denoted β and γ, respectively. From the 
mathematical development, each value of γ is associated with a value of β, so that γ is eliminated 
from the fitting.12 In addition, because SBE can only form branches with lengths longer than a 
certain minimum DP, Xmin, and the length of moiety retained after branching must be more than a 
certain minimum DP, X0. Xmin and X0 are also used as parameters to describe the enzymatic 
processes. It has been shown30 that the CLD of amylopectin branches with DP <~ 70 obtained using 
SEC is contributed by two enzyme sets, denoted enzyme-set (i) and (ii), and the relative 
contribution of each is termed h(ii,i). In actuality more enzyme sets are involved, but the band 
broadening in SEC is such that the components of the chains confined to a single lamella arising 
from two enzyme sets30 cannot be distinguished. Thus the parameters characterizing the single-
lamellar SEC CLDs are in fact averages over those for the two underlying enzyme sets.  
Isolation of Starch Granules by Wet-Milling 
Starch granules were isolated from cryo-milled flours by wet milling following the slightly 
modified method of Syahariza et al.15 Each flour sample (2 g) was steeped in 6 mL sodium bisulfite 
solution (0.45 % sodium metabisulfite, w/v) overnight, and then milled using a homogenizer (T-25 
ULTRA-TURRAX, IKA, Wilmington, NC, USA) for 3 min. The homogenized slurry was filtered 
through a 53-µm screen. The flour particles that remained on the screen were homogenized and 
filtered, and this process was repeated three times or more, until no flour particles were visible on 
the screen. All filtrate fractions were combined and mixed with NaCl solution (0.1 M) and toluene 
at a ratio of 9 : 1 to remove proteins and lipids. The mixture was stirred for 1 h and then allowed to 
stand until the starch granules settled at the bottom. The toluene layer and most of the NaCl solution 
layer were siphoned off, and the NaCl solution/toluene steps were repeated several times until the 
toluene layer seemed clear, indicating no proteins or lipids. The isolated starch granules were 
washed repeatedly with water and ethanol, followed by air-drying at room temperature for one day.  
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In Vitro Starch Digestibility 
Isolated starch granules (50 mg, dry weight basis) were suspended in 2 mL distilled water and 
gelatinized in a boiling water bath for 30 min with stirring and occasional vortex mixing. Each 
freshly gelatinized starch sample was dissolved with 7.5 mL sodium acetate buffer (0.2 M, pH 6.0, 
containing 0.49 mM MgCl2, 200 mM CaCl2 and 0.02 % NaN3) and equilibrated at 37 °C for 15 
min. An enzyme solution (0.5 mL) containing 25 µg pancreatin and 12.5 µL amyloglucosidase in 
sodium acetate buffer solution was added to the starch suspension, and the mixture incubated in a 
water bath at 37 °C with stirring at 200 rpm. Starch digesta (0.1 mL) were collected at 0, 10, 20, 40, 
60, 90, 120, 180, 240 and 300 min, and the digestion was stopped by adding 0.9 mL absolute 
ethanol. The digestibility of freshly gelatinized starch (g/100 g dry starch) was determined from the 
amount of glucose released in the supernatant, tested using the Megazyme D-Glucose kit, with a 
conversion factor of 0.9 (the ratio of molecular weight of the anhydroglucose monomer unit in 
starch to that of glucose). The digestogram, for C = concentration of digested starch at time t, was 
fitted to first-order kinetics:31  
ln(dC/dt) = ln(C∞ k) – kt (1) 
Here k = digestion rate coefficient, and C∞ = concentration at long times.  
Statistical Analysis 
Each analysis was carried out in duplicate. Mean value and standard deviation were analyzed by 
Minitab 16 (Minitab Inc., State College, PA, USA) using analysis of variance (ANOVA) with the 
general linear model and Tukey’s pairwise comparisons. Significant differences of the mean values 
were determined at p < 0.05. Box plots were also performed using Minitab 16 to compare the 
structural differences among barley, sorghum and rice starches. Pearson’s and Spearman’s rank 
correlations were conducted using SPSS V. 21 software (SPSS Inc., Chicago, IL).  
RESULTS AND DISCUSSION 
Chain-Length Distributions 
The amylose fine structural features of particular interest in the present paper are the SEC weight 
distribution and number distribution (termed SEC weight CLD and number CLD) of glucan chains 
from debranched starch as a function of degree of polymerization (DP) X, denoted w(logX) and 
N(X) (see Figure 4.1 and 4.2). There are a number of experimental points in this regard. Amylose 
branches readily retrograde (reassociate into a double helical structure) in water because of the long 
linear structure,17 and become less soluble, resulting in overestimation of their molecular size. 
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Aqueous solutions with some additional treatments, including alkaline pH, high temperature, 
microwave, and autoclave, have been used to improve the solubility of amylose in water.18-21 
However, degradation of starch molecules may happen under these harsh conditions. Dissolution in 
DMSO with lithium salts has been shown to dissolve starch molecules completely without 
significant degradation and retrogradation.15, 22 Finally, the amylose CLD here is obtained using 
SEC. While fluorophore-assisted carbohydrate electrophoresis (FACE) gives very accurate CLDs 
for amylopectin chains,23 this method is inapplicable to the longer chains in amylose, a problem 
which does not exist with SEC. However, SEC suffers from inaccuracies arising from band 
broadening and from calibration to relate degree of polymerization to elution volume.24 The latter 
problem cannot be overcome using light-scattering detection for smaller chains, because of 
signal:noise limitations. These two problems are fortunately not significant for the semi-quantitative 
objectives of the present paper. 
 
 71 
 
Figure 4.1. SEC weight and number CLDs of debranched starches extracted from sorghum (A and 
D), barley (B and E) and rice (C and F) varieties, respectively. All distributions were normalized to 
yield the same height of the first peak in order to avoid the effect of different sample 
concentrations.  
 
The CLDs of debranched starches from several sorghum, barley and rice varieties are presented 
in Figure 4.1, and those from other botanical sources in Figure 4.2. All starch samples show typical 
SEC weight and number CLDs of debranched starch. The components with X < 100 are 
amylopectin chains, while those with X ≥ 100 are amylose chains. The SEC weight CLDs of 
debranched starches from all samples show four peaks or shoulders (Figure 4.1A-C and Figure 
4.2A). The first peak (denoted by AP1) is the global maximum, which comprises the shorter 
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amylopectin branches with lengths up to DP 30, normally confined to one amorphous/crystalline 
lamella. The second peak or shoulder (denoted by AP2) represents the longer amylopectin branches 
with DPs ranging from 30 to 100, which span more than one crystalline lamella. There are also two 
peaks for amylose CLDs, the shorter and longer amylose branches, AM1 (X 100 – 700) and AM2 
(X 700 – 40000). This implies that these arise from potentially discrete enzymatic starch 
biosynthetic processes,9 whose nature is unknown. For instance, one possibility is that the branches 
belonging to AM1 and AM2 respectively originate from different isoforms of GBSS, the main 
enzyme synthesizing amylose; however, further investigations are needed to verify such speculation 
and to unveil the nature of the underlying mechanism. 
 
 
Figure 4.2. SEC weight CLDs of debranched starch (A) and amylose (C) and number CLDs of 
starch (B) and amylopectin (D) extracted from different species, respectively. All distributions were 
normalized to yield the same height of the first peak in order to avoid the effect of different sample 
concentrations.  
 
Both SEC weight (Figure 4.1A-C) and number (Figure 4.1D-F) CLDs of debranched starches 
from cereal grains of different varieties within the same plant species generally show small 
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differences. In order to compare this fine structure between starches, a set of empirical parameters 
was defined and obtained from the SEC weight CLDs.9, 10 These are the DP at the maximum of 
each peak, donated by XAP1, XAP2, XAM1 and XAM2, and the height of the each maximum relative to 
that of AP1: hAP2/AP1, hAM1/AP1and hAM2/AP1. The DP at the maximum of each peak reflects the 
relative size of chains in each group of branches, while the height ratio of each peak maximum to 
AP1 represents the relative amount of chains in each group of branches. As noted, because of band 
broadening, the two peaks/shoulders from the shorter and longer amylopectin branches, as well as 
the two peaks/shoulders from the shorter and longer amylose branches, are overlapping. The 
amylose content was calculated by the ratio of the area under the curve (AUC) of amylose branches 
to that of the overall SEC weight CLD of debranched starch.32  
Structural parameters of starches from sorghum, barley and rice varieties are compared in Figure 
4.3. There are small differences in the parameters among the starches from different varieties within 
the same species (Supporting Information, Table S4.1); however, some significant differences are 
observed among the starches from sorghum, barley and rice grains (Figure 4.3). The XAM1 and 
hAM1/AP1 values of barley starches cannot be obtained because the AM1 peak in the SEC weight 
CLDs of debranched barley starches is too small and broad; therefore, structural parameters of 
barley starches are not included in the comparison. Rice starches have higher XAM1 than sorghum 
starches, but the opposite trend is observed for hAM1/AP1 values. The XAM2 values of barley starches 
are significantly higher than those of sorghum and rice starches. Barley starches have the largest 
amylose contents and hAM2/AP1 values among the starches from the three cereal grains, whereas rice 
starches have the lowest. The XAP1 values show a similar trend to amylose content and hAM2/AP1 
values, suggesting that there are probably interrelationships between amylopectin and amylose 
CLDs. Rice starches also have significantly smaller XAP2 than barley and sorghum starches. On the 
other hand, the hAp2/AP1 values are not significantly different among the starches from the three 
cereal grains. 
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Figure 4.3. Comparison of the structural parameters from SEC weight CLDs among the starches 
extracted from sorghum, barley and rice: XAP1 (A), XAP2 (B) and hAP2/AP1 (C), amylose content (D), 
XAM1 (E), XAM2 (F), hAM1/AP1 (G) and hAM2/AP1 (H). A, B, and C: amylopectin chains; E, F, G, and H: 
amylose chains. Samples with different letters above the boxes are significantly different at p < 
0.05. 
 
The same analysis was performed for a series of starches extracted from a range of plant species 
and organs, including maize grain, wheat grain, cow pea, field pea, potato tuber, and sweet potato 
root. Because all samples are normal starches, the effects of varieties within the same species are 
less significant, and hence only one variety of each sorghum, barley and rice (ICSV400, ND19119-
5 and YRD08-05-05, respectively), with structural parameters near the average among all varieties 
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within each cereal grain, was chosen as the representative for comparison with the starches from 
other botanical sources. The weight and number CLDs of these starch samples are presented in 
Figure 4.2. The structural parameters are given in Table 4.1. Although some differences can be 
observed among the CLDs of starches from different botanical sources presented as number 
distributions N(X) (Figure 4.2C), more details in the differences are apparent in the weight CLDs 
w(logX) (Figure 4.2A and 4.2B). Differences in amylopectin CLDs among samples can also be seen 
from the number CLDs of amylopectin branches (Figure 4.2D). Presenting the same data in 
different ways can emphasize the different features of the CLD. The weight CLD shows the 
variations in structure of amylose branches better than the number CLD.  
The amylose contents vary substantially among the starch samples from different botanical 
sources (Table 4.1). This is a well-known observation and will only briefly discussed here; all 
results are consistent with the literature. Legume seed starches contain the highest amylose,33 
whereas potato tuber and sweet potato root starches have the lowest.34 The amylose contents of the 
starches in cereal grains are widely distributed, from barley starch having similar amylose content 
to legume seed starches to rice starch similar to potato tuber and sweet potato root starches. The 
amylose content of potato starch was reported to vary from 23 to 31 %,33-35 and that of wheat starch 
in the literature ranges from 19.3 to 32.7 %.34, 36, 37 Different values of amylose content in rice and 
maize starches have also been reported, e.g. Fitzgerald, et al.38 As well as the differences in the 
genetic background of the plant sources, multiple methods were used to test amylose content in the 
literature, and different methods measure different properties of starch that are then converted to the 
amylose content.38, 39 
The fine structures of amylose molecules and their relationships with amylopectin fine structure 
and starch properties are largely unexplored. The AM1 peaks of potato tuber and barley grain 
starches, as mentioned above, appear only as the shoulders of the AM2 peaks; therefore the XAM1 
and hAM1/AP1 values of potato tuber and barley grain starches cannot be determined. With this 
exception, sweet potato root starch shows the highest XAM1 value, but the lowest hAM1/AP1 value 
among all starches. The XAM1 values of the other starches are quite similar, ranging from 270 to 354. 
Sorghum grain, maize grain, wheat grain and field pea starches show similar hAM1/AP1 values 
(around 0.13), while those for sweet potato root, rice grain and cow pea starches are significantly 
lower. The XAM2 of potato tuber starch is the highest, followed by cow pea, barley grain and sweet 
potato root starches in decreasing order, all of which are above 2600; on the other hand, those of 
wheat grain, field pea, rice grain, sorghum grain and maize grain starches are markedly lower 
(between 1550 and 1965). The hAM2/AP1 values of the AM2 peaks differ significantly among all 
samples, ranging from 0.101 to 0.236 and without clear distinctions among cereal grain, legume 
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seed, tuber, and root starches. These results imply that the amylose molecules of potato tuber and 
sweet potato root starches have relatively longer branches than most cereal grain and legume seed 
starches, although their amylose contents are smaller.  
In general, potato tuber and sweet potato root starches have the highest values of XAp1, and cereal 
grains starches the lowest; although the differences are statistically significant (p < 0.05), the 
difference is only 3 monomer units between the largest and the smallest XAp1. On the other hand, 
both XAp2 and hAP2/AP1 of potato tuber and sweet potato root starches are significantly and 
substantially higher than the other starches (3 to 8 monomer units larger for XAp2 and 115 – 145 % 
higher for hAP2/AP1), with less significant differences among cereal grain and legume seed starches. 
That is, the amylopectin chains of potato tuber and sweet potato root starches are relatively longer 
than those of cereal grain (barley, sorghum, rice, maize and wheat) and legume seed (cow pea and 
field pea). This might be related to the crystalline structure of starch. The crystalline structure of 
native starch granules can be grouped into three polymorphisms: A-, B- and C-type polymorphs. 
The A-type polymorphic starch has crystalline structure with monoclinic unit cells, whereas the B-
type polymorphic starch has crystalline structure with hexagonal unit cells and a water channel in 
the middle of each unit cell. The B-type starches, for instance potato tuber starch, have longer 
average amylopectin chains and greater proportions of longer amylopectin chains than the A-type 
starches (barley, sorghum, rice, maize and wheat).40, 41 This is probably because the larger 
proportion of long amylopectin branches requires more space, which is satisfied by the water 
channel in the unit cells of the B-type crystalline structure aligning into a stable crystalline 
structure. Since the C-type polymorph is a mixture of A- and B-type polymorphs, the average chain 
lengths of amylopectin chains of the C-type starches (cow pea, field pea and sweet potato root 
starches) are in between those of A-and B-type polymorphic starches.42-44 
Treating Amylopectin CLD with the Biosynthesis Model 
Fitting the number CLDs of amylopectin (Figure 4.2D) with the amylopectin biosynthesis 
model12, 13 provides information on the activities of the core starch synthesizing enzymes, and gives 
key insights into starch biosynthesis, the mechanism of which is still largely unclear. It also 
provides predictions for studies on enzymatic requirements for producing starch with targeted 
structure. Furthermore, the fitted parameters so obtained, along with the structural parameters in 
Table 4.1, can be used to obtain the interrelationship between amylose and amylopectin fine 
structures. The fitted number CLD quantitatively reproduces the significant features of the 
experimental SEC number CLD of amylopectin branches (Supporting Information, Figure S4.1). 
The X0(i) and X0(ii) values were set to 4 and 1, respectively, for all starch samples, as reported by Wu 
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and Gilbert12 The Xmin(i) and Xmin(ii) values are similar among all starch samples (10 – 12 and 7 – 8, 
respectively), and in some cases, the fitting was not dramatically changed by altering Xmin slightly. 
Hence Xmin(i) and Xmin(ii) were excluded for the comparison among different starch samples. As 
discussed, SEC band broadening hides subtler features in the amylopectin CLD. There are extensive 
literature discussions on fine-structure features (e.g. Jane, Chen, Lee, McPherson, Wong, 
Radosavljevic and Kasemsuwan40 and Cuevas, et al.45). 
Significant differences are observed in the fitted enzymatic activities among the three cereal 
grain (sorghum, barley and rice) starches (Figure 4.4), suggesting that there are systematical 
differences in the enzymatic processes of starch biosynthesis in different plant species. Slight 
differences are also present in the fitting parameters among different varieties within the same 
species, reflecting the effects of genetic variations and/or environmental conditions in starch 
biosynthesis (Supporting Information, Table S4.2). These show that fitting the SEC number CLDs 
to this model not only allows quantitative comparison of the differences in the enzymatic processes 
in amylopectin biosynthesis among different species, but also shows the small variations among 
different varieties within the same species. 
Similar to the previous section, one variety of each of the sorghum, barley and rice grain starches 
(ICSV400, ND19119-5 and YRD08-05-05, respectively) are compared with those from other 
botanical sources (maize grain, wheat grain, cow pea, field pea, potato tuber and sweet potato root). 
The fitting parameters are summarized in Table 4.2. The β(i) values of cereal grain starches are 
significantly higher than those of the potato tuber and sweet potato root starches, and those of 
legume seed starches lie in between the other two groups. That is, the activity of SBE in relative to 
that of SS during amylopectin biosynthesis is higher (or equivalently there is a greater relative 
branching rate) in cereal grains than in potato tuber or sweet potato root, producing a greater 
fraction of single-lamella amylopectin branches and/or shorter length of amylopectin chains in 
cereal grains. This is consistent with the trends of XAP1, XAP2 and hAP2/AP1 values (Table 4.1). The 
β(ii) values, compared with the β(i) values, show no clear trends among the different starch samples, 
whereas the h(ii,i) values show the opposite trend to the β(i) values. The effects of enzyme-set (i) on 
the number CLD are more significant than those of enzyme-set (ii), indicating that the differences 
in the proportion of longer amylopectin branches among all starch samples, as observed from the 
SEC weight CLDs (Fig 4.2A), are mainly due to the differences in the reaction rates of enzyme-set 
(i). 
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Figure 4.4. Parameters obtained from fitting the number CLD of barley (green), sorghum (red), and 
rice (blue) starches to the mathematical model: β(i), β(ii) and h(ii,i). Mean ± standard deviation is 
calculated from the five varieties of each plant species. Values with different letters are significantly 
different at p < 0.05. 
 
Understanding starch biosynthesis through parameterization 
The coefficients from Pearson’s and Spearman’s rank correlation tests among the starch 
structural and fitting parameters are summarized in Table 4.3. Pearson’s correlation test detects 
linear relations, while Spearman’s rank correlation test is also able to reveal non-linear relations. 
The obtained relationships  
 In general, amylose content has little or no significant correlation with DPs at local peak 
maxima and hAP2/AP1 of amylopectin, suggesting that the increased biosynthesis of amylose has only 
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minor effects on amylopectin fine structure. Amylose content is positively and significantly 
correlated with hAM1/AP1 and hAM2/AP1, simply because these contribute to amylose content. In 
addition, amylose content, hAM1/AP1 and hAM2/AP1 are strongly and negatively correlated with h(ii,i), 
implying a competitive relationship between the biosynthesis of longer amylopectin chains and 
those of amylose. This is consistent with a proposed mechanism where amylopectin chains are 
elongated by GBSS, then cleaved from amylopectin molecules and became amylose molecules 
when reaching sufficient size.46 
The XAP1, XAP2, XAM2, hAM2/AP1, β(i) and β(ii) are significantly and positively correlated, and are 
correlated with XAM1 and hAP2/AP1. It has been hypothesized that shorter amylopectin chains are 
elongated by SSI and SSII, longer amylopectin branches by SSIII, and amylose by GBSS. SBE 
isoforms introduce new branches on starch molecules, while DBE isoforms trim excess branches 
during amylopectin biosynthesis. The correlations might indicate that some of these enzymes (or 
enzyme isoforms) share the same pool of substrates and/or are in complex formation with one 
another (for example, SSIIa, SSIII, SBEIIa, and SBEIIb have been found in the same complex47).  
It is noteworthy that β(i) and β(ii) are negatively correlated with XAM2, meaning that the decreased 
SBE activity and/or increased SS activity leads to an increase in the length of the longer amylose 
chains. SS is believed to be responsible for synthesizing amylopectin, and not associated with 
amylose synthesis. SBE, on the other hand, acts on both amylose and amylopectin. Thus it is more 
likely that the length of longer amylose chains is negatively associated with SBE activity. There is 
no question that amylose, at some stage during the synthesis, is acted on by SBEs (through the 
presence of branch points, albeit limited). The question remains if these branches were formed 
when amylose is being synthesized on the surface of starch granules or inside. The synthesis 
process for amylose is still poorly understood and requires further studies. 
In addition, the relationships among XAP1, XAP2, XAM1 and XAM2 suggest that the elongation of 
each group of branches are not strictly by one type of enzymes; one such example is the 
contribution of enzyme-set (i) to longer amylopectin chains, although enzyme-set (i) mainly 
contributes to short amylopectin chains (Supporting Information, Figure S4.1). Hence, if enzyme-
set (i) favors elongation to branching (β < 1), it will increase both XAP1 and XAP2. This is the first 
study that has shown the chain-length dependency between amylopectin and amylose chains. 
Further studies are needed to understand the mechanism behind this observation. 
In Vitro Digestibility and Its Correlations with Starch Structure 
In human diet, starch-containing foods are normally consumed after cooking, where starch 
granules have been gelatinized. During gelatinization, starch granules swell, and the amylose 
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molecules leach out into the supernatant and form network surrounding the swollen granules, which 
inhibits further swelling of starch granules. At the same time, the semi-crystalline ordered structure 
of starch is disrupted, leading to an amorphous structure.41 The swelling of starch granules and the 
melting of the crystalline structure after gelatinization increase the accessibility of starch molecules 
for enzymatic digestion, leading to a higher digestion rate. The granular architecture of native starch 
granules, on the other hand, provides a physical barrier to the diffusion of the enzymes and results 
in a lower digestion rate.50, 51 In addition, the starch molecules in a double helical crystalline 
structure, such as native starch granules and retrograded starch, are more restricted and bind less 
readily with amylolytic enzymes.52 
In order to simulate the digestion process of starch in foods, starch samples were enzymatically 
digested using an in vitro method, after being thoroughly cooked in sufficient water. The typical 
digestogram of freshly gelatinized starches is present in Figure 4.5, showing duplicates of a barley 
starch as an example of repeatability. All digestograms are well fitted by first-order kinetics 
(exemplified for barley starch in Figure 4.5) and the digestion rate coefficients k are listed in Table 
S4.3 in Supporting Information. Pearson’s and Spearman’s rank correlation analyses were 
performed to obtain the linear and non-linear relationships, respectively, between starch digestion 
rate and starch structural parameters, and the correlation coefficients are summarized in Table 4.3. 
 
 
 
Figure 4.5. Digestogram of freshly cooked barley starch (shepherd) in duplicates, and the fitting 
of these digestograms to first-order kinetic. 
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Both Pearson’s and Spearman’s rank correlation tests show that there are no significant 
correlations between the digestion rate of freshly gelatinized starch and starch structural parameters, 
suggesting that the digestion rate of freshly gelatinized starch is not affected by amylose content, 
amylopectin and amylose fine structures. These results contrast with those for cooked rice grains 
and sorghum flours, showing that the digestion rate was positively correlated with XAM2, but 
negatively correlated with hAM2/AP1 and hAP2/AP1.9-11 The plant cell wall, protein and lipids in grains 
and flours can greatly influence starch digestibility, such as creating a physical barrier and/or 
molecular interaction that prevents starch granules swelling and starch molecules leaching out 
during gelatinization or cooking. The presence of plant cell wall and protein in grains and flours can 
also restrict water penetration and heat diffusion, increasing the resistance of starch granules to 
gelatinization and retaining some of the native granular structure after cooking.53 Most of these non-
starch components have been removed during isolation of starch granules, and thus the starch 
granules have more freedom to swell and to be completely gelatinized during cooking. The 
digestion profiles of freshly gelatinized starch from the current study are also different from those 
of native starch granules41, 54 and retrograded starch,6, 8 showing that in general a higher proportion 
of long amylopectin branches and/or higher amylose content decreases starch digestibility. This is 
due to the presence of crystalline structure in native starch granules and retrograded starch, which is 
enhanced or stabilized by long amylopectin chains and amylose, restricting the ability of the starch 
molecules to bind with amylolytic enzymes. Freshly gelatinized starch has lost almost all the 
crystalline structure, and thus the effects of long amylopectin chains and amylose are less apparent. 
This implies that the observed correlation between amylose fine structure in rice and sorghum 
flour/cooked grain can be ascribed to a secondary interaction between this fine structure and higher-
order structural features, as discussed above. 
In conclusion, this study examines, for the first time, the fine molecular structure of amylose 
extracted from different plant sources. Two amylose peaks are observed on the SEC weight CLDs 
of all starch samples. Compared with SEC number CLD, the SEC weight CLD is better in 
exhibiting the structural features of amylose molecules. The amylose CLD differs dramatically with 
plant source, showing biosynthetic enzyme activities among different plant sources. Fitting the 
amylopectin number CLDs to a biosynthesis model gives new insight into the enzymatic processes 
involved in amylopectin biosynthesis. The fitted parameters obtained vary to different extent 
depending on the plant sources. Enzyme-set (i) plays a more dominant role than enzyme-set (ii) in 
controlling amylopectin CLD. Correlations among starch structural and amylopectin fitting 
parameters suggest that amylopectin is probably the primer of amylose biosynthesis, and multiple 
enzymes might share the same substrate pool or work in the same complexes. In vitro digestion 
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results show the digestion rate of thoroughly cooked starch-containing food is not attributed to the 
fine molecular structure of amylose and amylopectin; instead, a secondary interaction between 
starch fine structure and higher-order structural features might be a key factor.  
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Tables
Table 4.1. Structural param
eters obtained from
 SEC
 w
eight C
LD
s of debranched starches from
 different botanical origins. a 
Plant species 
A
m
ylose 
content 
D
P of peak m
axim
um
 in SEC
 w
eight m
olecular size 
distribution of debranched starch 
H
eight of peak m
axim
um
 in SEC
 w
eight m
olecular 
size distribution of debranched starch as ratio to A
P1 
peak height 
(%
) 
X
A
P1  
X
A
P2  
X
A
M
1  
X
A
M
2  
h
A
P2/A
P1  
h
A
M
1/A
P1  
h
A
M
2/A
P1  
B
arley 
(N
D
19119-5) 
31.3 ± 0.8 a 
20.9 ± 0.1 cd 
39.6 ± 0.0 b 
- 
2875 ± 64 b 
0.633 ± 0.008 e 
- 
0.236 ± 0.008 a 
Sorghum
 
(IC
SV
400) 
25.9 ± 0.3 cd 
20.5 ± 0.3 de 
39.2 ± 0.0 bc 
275 ± 5 d 
1560 ± 28 c 
0.663 ± 0.012 
cd 
0.134 ± 0.001 a 
0.146 ± 0.001 c 
R
ice (Y
R
D
08-
05-05) 
18.6 ± 0.6 e 
18.9 ± 0.0 f 
37.2 ± 0.3 c 
317 ± 4 bc 
1740 ± 113 c 
0.640 ± 0.001 
de 
0.079 ± 0.001 
bc 
0.101 ± 0.006 e 
M
aize 
25.2 ± 0.4 d 
20.2 ± 0.1 e 
38.8 ± 1.1 bc 
270 ± 9 d 
1550 ± 170 c 
0.654 ± 0.010 
de 
0.128 ± 0.006 a 
0.139 ± 0.001 
cd 
W
heat 
28.1 ± 0.0 bc 
21.4 ± 0.4 bc 
39.8 ± 0.0 b 
354 ± 17 b 
1965 ± 163 c 
0.635 ± 0.001 e 
0.129 ± 0.008 a 
0.191 ± 0.001 b 
C
ow
 pea 
27.8 ± 0.9 bc 
21.6 ± 0.0 ab 
40.1 ± 0.6 b 
291 ± 13 cd 
3010 ± 156 ab 
0.689 ± 0.001 c 
0.101 ± 0.007 b 
0.185 ± 0.012 b 
Field pea 
29.5 ± 0.8 ab 
21.2 ± 0.1 bc 
39.1 ± 0.6 bc 
335 ± 2 b 
1785 ± 21 c 
0.644 ± 0.009 
de 
0.136 ± 0.006 a 
0.174 ± 0.006 b 
Potato 
18.2 ± 0.3 e 
22.2 ± 0.1 a 
44.9 ± 0.0 a 
- 
3365 ± 106 a 
0.921 ± 0.004 a 
- 
0.140 ± 0.003 
cd 
Sw
eet potato 
17.9 ± 0.5 e 
22.1 ± 0.0 a 
43.3 ± 0.2 a 
433 ± 6 a 
2665 ± 134 b 
0.790 ± 0.004 b 
0.069 ± 0.004 c 
0.121 ± 0.001 
de 
a M
ean ± standard deviation is calculated from
 duplicate m
easurem
ents: “-” m
eans the param
eters cannot be identified, as peak is too sm
all and/or 
broad to determ
ine the local m
axim
um
, w
hich appears as a shoulder of the adjacent larger peak. V
alues w
ith different letters in the sam
e colum
n are 
significantly different at p < 0.05. 
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Table 4.2. Param
eters obtained from
 fitting the num
ber C
LD
s of starches from
 different botanical origins to the m
athem
atical m
odel. a  
Plant species 
B
otanical organ 
Fitting param
eters 
β(i)  
β(ii)  
h(ii,i)   
B
arley  
(N
D
19119-5) 
C
ereal grain 
0.0840 ± 0.0009 bc 
0.0531 ± 0.0011 ab 
0.0263 ± 0.0001 h 
Sorghum
  
(IC
SV
400) 
C
ereal grain 
0.0842 ± 0.0010 bc 
0.0562 ± 0.0008 a 
0.0372 ± 0.0003 d 
R
ice (Y
R
D
08-05-
05) 
C
ereal grain 
0.0960 ± 0.0012 a 
0.0584 ± 0.0048 a 
0.0407 ± 0.0001 c 
M
aize 
C
ereal grain 
0.0863 ± 0.0002 b 
0.0570 ± 0.0009 a 
0.0347 ± 0.0003 ef 
W
heat 
C
ereal grain 
0.0837 ± 0.0004 bc 
0.0534 ± 0.0002 ab 
0.0284 ± 0.0007 g 
C
ow
 pea 
Legum
e seed 
0.0797 ± 0.0002 d 
0.0529 ± 0.0008 ab 
0.0405 ± 0.0001 c 
Field pea 
Legum
e seed 
0.0825 ± 0.0002 cd 
0.0544 ± 0.0012 ab 
0.0332 ± 0.0007 f 
Potato 
Tuber 
0.0735 ± 0.0002 e 
0.0477 ± 0.0002 b 
0.0700 ± 0.0004 a 
Sw
eet potato 
R
oot 
0.0754 ± 0.0010 e 
0.0523 ± 0.0021 ab 
0.0462 ± 0.0001 b 
a M
ean ± standard deviation is calculated from
 duplicate m
easurem
ents. V
alues w
ith different letters in the sam
e colum
n are significantly different 
at p < 0.05. 
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Table 4.3. C
orrelation coefficients am
ong starch fine structures and digestion rate coefficient. a 
  
  
A
m
ylose content 
X
A
P1  
X
A
P2  
X
A
M
1  
X
A
M
2  
h
A
P2/A
P1  
h
A
M
1/A
P1  
h
A
M
2/A
P1  
β
(i)  
β
(ii)  
h
(ii,i)  
Pearson’s 
correlation 
A
m
ylose content 
1 
  
  
  
  
  
  
  
 
 
 
X
A
P1  
0.444
* 
1 
 
 
 
 
 
 
 
 
 
X
A
P2  
-0.022 
0.842
** 
1 
 
 
 
 
 
 
 
 
X
A
M
1  
-0.324 
0.437 
0.559
* 
1 
 
 
 
 
 
 
 
X
A
M
2  
0.280 
0.708
** 
0.638
** 
0.541
* 
1 
 
 
 
 
 
 
h
A
P2/A
P1  
-0.443
* 
0.506
* 
0.832
** 
0.572
* 
0.427 
1 
 
 
 
 
 
h
A
M
1/A
P1  
0.904
** 
0.333 
0.041 
-0.490 
-0.367 
-0.314 
1 
 
 
 
 
h
A
M
2/A
P1  
0.915
** 
0.617
** 
0.225 
-0.066 
0.598
** 
-0.221 
0.750
** 
1 
 
 
 
β
(i)  
-0.179 
-0.886
** 
-0.885
** 
-0.311 
-0.547
* 
-0.697
** 
-0.299 
-0.326 
1 
 
 
β
(ii) 
)  
-0.362 
-0.858
** 
-0.822
** 
-0.181 
-0.612
** 
-0.547
* 
-0.412 
-0.552
** 
0.811
** 
1 
 
h
(ii,i)  
-0.662
** 
0.101 
0.513
* 
0.229 
0.090 
0.855
** 
-0.544
* 
-0.559
** 
-0.314 
-0.187 
1 
k 
-0.043 
0.081 
0.208 
-0.006 
-0.052 
0.017 
-0.032 
-0.029 
-0.170 
-0.129 
-0.072 
Spearm
an's 
rank 
correlation 
A
m
ylose content 
1 
  
  
  
  
  
  
  
  
  
  
X
A
P1  
0.455
* 
1 
 
 
 
 
 
 
 
 
 
X
A
P2  
0.367 
0.888
** 
1 
 
 
 
 
 
 
 
 
X
A
M
1  
-0.192 
0.090 
0.128 
1 
 
 
 
 
 
 
 
X
A
M
2  
0.376 
0.636
** 
0.623
** 
0.650
** 
1 
 
 
 
 
 
 
h
A
P2/A
P1  
-0.497
* 
0.168 
0.177 
-0.342 
-0.155 
1 
 
 
 
 
 
h
A
M
1/A
P1  
0.842
** 
0.393 
0.185 
-0.487 
-0.324 
-0.080 
1 
 
 
 
 
h
A
M
2/A
P1  
0.964
** 
0.632
** 
0.566
** 
-0.154 
0.502
* 
-0.359 
0.770
** 
1 
 
 
 
β
(i)  
-0.310 
-0.889
** 
-0.826
** 
-0.104 
-0.417 
-0.411 
-0.380 
-.492
* 
1 
 
 
β
(ii)  
-0.422 
-0.824
** 
-0.776
** 
-0.041 
-0.522
* 
-0.284 
-0.312 
-.606
** 
0.788
** 
1 
 
h
(ii,i)  
-0.767
** 
-0.173 
-0.145 
0.132 
-0.203 
0.531
* 
-0.486 
-0.703
** 
0.077 
0.121 
1 
k 
-0.043 
0.088 
0.152 
-0.091 
-0.120 
0.013 
-0.108 
-0.007 
-0.071 
-0.078 
-0.203 
a *. C
orrelation is significant at the 0.05 level. **. C
orrelation is significant at the 0.01 level. 
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Chapter 5: Modelling of transient starch biosynthesis in leaves 
The relevance of this chapter with respect to the aim of this thesis is described in the Abstract and 
Conclusions. 
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Abstract 
Transient starch in leaves is synthesized by various biosynthetic enzymes in the chloroplasts during 
the light period. This paper presents the first mathematical model for the (bio)synthesis of the 
chain-length distribution (CLD) of transient starch to aid the understanding of this synthesis. The 
model expresses the rate of change of the CLD in terms of the actions of the enzymes involved. 
Using this to simulate the experimental CLD with different enzyme combinations is a new means to 
test for enzymes that are significant to the rate of change of the CLD during synthesis. Comparison 
between the simulated CLD from different enzyme combinations and the experimental CLD in the 
leaves of the model plant Arabidopsis thaliana indicate α-amylase, in addition to the core starch 
biosynthetic enzymes, is also involved in the modification of glucans for the synthesis of insoluble 
starch granules. The simulations suggest involvement of β-amylase, in the absence of α-amylase in 
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mutants, slows the rate of attaining a crystalline-competent CLD for crystallization of glucans to 
form insoluble starch. This suggests a minor role of β-amylase in shaping normal starch synthesis. 
The model simulation predicts that debranching of glucans is an efficient mechanism for the 
attainment of crystalline-competent CLD; however, attaining this is still possible, albeit slower, 
through combinations of α- and β-amylase in the absence of isoamylase-type debranching enzyme. 
In Arabidopsis defective in one of the isoamylase-type debranching enzymes, the impact of α-
amylase in starch synthesis is reduced, while β-amylase becomes significantly involved, slowing 
the rate of synthesis in this mutant. Modeling of transient starch CLD brings to light previously 
unrecognized but significant effects of α- and β-amylase on the rate of transient starch synthesis. 
Introduction 
Starch in the photosynthetic tissues of plants such as leaves serves as one of the principal sinks for 
carbon fixed during the day and is degraded during the subsequent night to provide a continued 
supply of sugars to sustain respiration and growth. Starch is solely made up of glucose residues 
linked by α-(1→4) and α-(1→6) glycosidic linkages. It is composed of two main fractions: 
amylose, mostly linear with few long-chain branches, represents between 20 to 30% of the 
polysaccharide dry mass; amylopectin is the main component and is highly branched, with around 
5% α-(1→6) branch points [1]. 
Transient starch biosynthesis in leaves requires the concerted actions of various types and isoforms 
of starch biosynthetic enzymes [2,3]. The synthetic pathway is generally similar to that in other 
plants [2]. This first involves a supply of soluble ADP-glucose synthesized by the ADP-glucose 
pyrophosphorylase. This serves as the substrate for starch synthases (SSs), which catalyze the 
elongation of glucan chains of α-(1→4) linked glucose residues from the non-reducing end. There 
are two groups of SSs in plants: granule-bound SSI (GBSSI) and the soluble SSs. The soluble SSs 
are principally involved in elongation of amylopectin branches while GBSSI is mainly involved in 
amylose biosynthesis. Starch branching enzymes (SBEs) are responsible for generating new 
amylopectin branches via α-(1→6) branch points, by cleaving an α-(1→4) linkage on a donor chain 
and transferring the donor segment to a new α-(1→6) position, forming a new branch. There are 
minimum chain length requirements (constraints) on the number of glucose units on both the donor 
and the residual segments for branching to proceed (e.g. [4,5]); these minimum number of glucose 
units are denoted by Xmin and X0, respectively [6]. There are two groups of debranching enzymes 
(DBEs): isoamylase-type (ISA) including three different isoforms ISA1, ISA 2 and ISA3 
respectively; and pullulanase-type (PUL) DBEs [7,8]. Both types catalyze the hydrolysis of α-
(1→6) linkages, releasing linear or branched glucans [2,9]. It has been proposed that debranching of 
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glucans by the ISA-type DBE is required for trimming of improperly positioned branches, which 
would otherwise delay (or prevent) crystallization. In Arabidopsis, both AtISA1 and AtISA2 genes 
are required to produce the heteromeric multsubunit complex, named Iso1, which contribute to the 
major isoamylase activity [7,8]. Both Myers et al. [1] and Delatte et al. [8] proposed that glucans 
that do not crystallize efficiently are susceptible to continued enzymatic modifications, leading to 
accumulation of phytoglycogen. Lack of the ISA-type DBE does not generally abolish amylopectin 
synthesis completely. The amylopectin formed under this circumstance has more short chains with 
a degree of polymerization (DP) X < 8–12, depending on the species (e.g. [7,8,10]). The role of 
PUL-type DBE is more specific. Under normal conditions, the PUL-type DBE acts on pullulan, 
maltotriose units linked by α-(1→6) linkages, and only accounts for a minor role in transient starch 
synthesis [7]. In Arabidopsis ISA2 and PUL-type DBE double mutant Atisa2/Atpu1, starch content 
is further reduced compared to that in just the absence of Iso1 in mutants defective in AtISA1 or 
AtISA2, which suggests some partial redundancy between the two DBE types [7]. 
While the above enzymes are the key actors essential for starch synthesis, hypotheses have emerged 
that other types of enzymes could contribute to transient starch synthesis under specific 
circumstances. For example, in the absence of all DBEs, glucans are susceptible to α- and β-
amylolysis [11]. α-amylase (AMY) (EC 3.2.1.1) is an endoamylase hydrolyzing α-(1→4) linkages 
to release soluble glucans, either linear or branched. While AMY is known to be the main enzyme 
involved in the degradation of storage starch granules during cereal seed germination, its role may 
differ in transient starch degradation in leaves [12]. Three isoforms of AMY have been described in 
Arabidopsis with only one chloroplasticly localized AMY3 (AtAMY3) [13]. Mutants for each of 
the AMY or combinations do not show any alternation in the diurnal pattern of starch turnover [13], 
which could suggest that there is no involvement of AMY during the transitory starch synthesis or 
degradation phases. However, recent work from Streb et al. [14] overruled that postulate, 
suggesting a key role of AtAMY3 in starch catabolism. Very recently, Seung et al. [15] have 
described a light-dependent redox activation of AtAMY3, suggesting a counterintuitive activation 
of this endoamylase during starch synthesis.  
An exoamylase, β-amylase (BAM), hydrolyzes every second α-(1→4) linkage from the non-
reducing end to release maltose. BAM stops hydrolysis 2–4 glucose residues ahead of a branch 
point on the glucan branches generated by the branch points, or on those that carry other branch 
points. It is the major enzyme for transient starch granule breakdown in leaves. Lack of BAM leads 
to a starch-excess phenotype in the leaves of potato and Arabidopsis which is caused by a slow rate 
of degradation of starch over the dark period [16,17]. Phosphorylation of transient starch plays a 
crucial role in initiating degradation of the granule [18]. Two sets of genes, Glucan-Water-Dikinase 
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(GWD) and Phospho-Glucan-Water-Dikinase (PWD), have been shown to phosphorylate starch in 
plants [19,20], both catalyzing the transfer of the β-phosphate from ATP to a glucosyl residue in the 
C-6 and C-3 position, respectively [21]. The limit-dextrinase (Disproportionation) enzyme, or D-
enzyme, (DPE) (EC 2.4.1.25) is also present in Arabidopsis chloroplasts and has been described as 
being involved in starch metabolism in Chlamydomonas reinhardtii [22,23]. However, the 
Arabidopsis DPE mutant accumulates starch at a normal rate [24] and therefore its involvement in 
transient starch synthesis in Arabidopsis remains unclear. Finally, it was shown in Chlamydomonas 
and rice that starch phosphorylase (SP) (E.C 2.4.1.1) is involved in storage starch synthesis [25,26]. 
Whether SP has the same role in leaf transient starch synthesis is currently not known [27]. 
The starch chain-length distribution (CLD) is the relative number distribution Nde(X) of glucan 
chains with DP of X (the subscript “de” is used because these glucan chains are obtained from 
isoamylase-type debranching enzyme digestion of the starch). The quantity X = 1,2,3, … is a 
discrete variable. To avoid proliferation of subscripts, we use the notation Nde(X) on the 
understanding that X only takes integer values. There are several features in the CLD, for example 
as shown in Figure 2 of ref. [28]. These features are ascribed to the enzymatic actions involved in 
the modification of glucans which then crystallize to form insoluble starch granules. They have 
been described for starch in cereal endosperms with multiple enzyme sets [6,28], denoted (i), (ii) … 
below. Arabidopsis starch CLD also exhibits several features (Figure 5.1D). 
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Figure 5.1. Arabidopsis leaf starch CLD fitted to different combinations of AMY and BAM. 
Nde(X) (arbitrary units) from the wild type WT CLD (black filled circles) and the ISA-type DBE 
mutant defective in the AtISA1 gene Atisa1-1 CLD (black filled triangles) are replotted from ref. 
[34]. Crosses and letters indicate features in the CLD. Note the letters in bold font indicate the 
panels, and are not part of the CLD features. (A) and (E): simulated CLD with AMY–/BAM– 
fitted to WT CLD and Atisa1-1 CLD, respectively; (B) and (F): that for AMY–/BAM+; (C) and 
(G): that for AMY+/BAM–; (D) and (H): that for AMY+/BAM+. Simulated CLD are shown by 
different colored shapes corresponding to the different combinations of AMY and BAM. Fitting 
is to the enzyme set (i) range (3 ≤ X ≤ 18). (B) and (D) are compressed on the ordinate. The gray 
filled circles represent WT CLD replotted for comparison with Atisa1-1 CLD. 
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This paper presents the first mathematical model to describe transient starch CLD (e.g. in 
Arabidopsis) by considering the actions of the biosynthetic enzymes involved.  This new modeling 
would appear to provide an innovative and powerful option for identifying and testing candidate 
enzymes that have not previously been considered to be involved in starch biosynthesis. 
Comparison between experimental data for Arabidopsis and the model simulation suggests that, in 
addition to the core starch biosynthetic enzymes, α-amylase is also involved in the synthesis of 
insoluble starch granules. In the absence of Iso1, β-amylase becomes significantly involved. 
Furthermore, modeling of transient starch CLD reveals an unexpected role of α- and β-amylase in 
transient starch synthesis in Arabidopsis. 
Mathematical Modeling 
Leaf starch CLD model 
The model expresses the rate of change of the glucan CLD at time t, ∂Nde(X)/∂t, in terms of the 
actions of the enzymes that are assumed to be involved in the modification of glucans which then 
crystallize and deposit to form insoluble starch granules. Whether or not an enzyme is considered to 
be involved for the purpose of this model is defined by whether or not the corresponding mutant 
possesses an altered starch CLD. The following discusses the evidence for the enzymes considered 
in the model and the reasons why others are not. The properties of enzymes described in the 
following are based on their general properties and not species specific. This allows a general 
mathematical model of starch CLD to be developed and is then used to compare with experimental 
data for Arabidopsis. The results, which will be specific to Arabidopsis, will be seen to provide 
further understanding of starch biosynthesis in Arabidopsis and perhaps more generally. 
(1) SS, SBE and the DBEs, the core enzymes, undoubtedly contribute to ∂Nde(X)/∂t during the 
synthetic phase. Mutations in all of the three enzyme types show changes in the starch CLD (e.g. 
[7,29,30]). Storage starch synthesis is modeled by the three enzyme types [6,28]. 
(2) There is no indication whether α-amylase contributes to ∂Nde(X)/∂t during the synthetic phase. 
Arabidopsis AtAMY3 knock-out mutant has been generated [13], but the mutant CLD was not 
reported. Therefore, we cannot discount the possibility of α-amylase contributing to ∂Nde(X)/∂t. The 
exact contribution of AMY to ∂Nde(X)/∂t, however, is a complex one. Just to give a few examples, 
AMY is modulated by the presence and clustering of α-(1→6) branch points and higher structures 
(e.g. by the distance between clusterings, and by glucan conformation such as the formation of α-
helices between adjacent branches). As there are a vast number of structural possibilities for the 
substrates, it is currently impossible to determine the exact substrate specificity of AMY over the 
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entire course of starch biosynthesis. At the very least, the time evolution of α-(1→6) linkage 
positions would need to be considered during starch synthesis, which would give information on the 
position of the branches, to partly capture the contribution of AMY to ∂Nde(X)/∂t. However, this 
information is not currently available. With such uncertainty, it is best to consider, in this first 
approach, only the most probable mechanism of AMY towards starch biosynthesis. As stated, 
glucans that are yet to crystallize represent the newly formed layer of material on starch molecules 
and as such are most susceptible to enzymatic actions. It has been shown that these materials 
comprise mainly short A-chains (DP 6–11) [4]. Therefore, we assumed that, during the synthesis of 
glucans, when a chain is hydrolyzed by AMY, only the α-(1→6) linkage that carries the branch 
exerts effects on the enzyme. Refinement of this assumption may be necessary for the long B-
chains and beyond where there are higher structural features which can influence the contribution of 
AMY. For example, clusters of branch points hinder AMY, so AMY would preferentially 
hydrolyze α-(1→4) linkages away from the clusters. 
(3) Arabidopsis β-amylase mutants have been generated by Fulton et al. [16], but the mutant CLD 
was not reported. The presence and clustering of α-(1→6) branch points and phosphate residues on 
glucan branches block BAM [31,32]. There is currently no information on the time evolution of α-
(1→6) linkage and phosphate residues positions. Therefore, the exact contribution of BAM to 
∂Nde(X)/∂t cannot be established. As with α-amylase, we assume that when a branch is hydrolyzed 
by BAM, only the α-(1→6) linkage that carries the branch has an effect on β-amylolysis. 
(4) There is no indication that GWD and PWD participate directly in the synthesis or hydrolysis of 
α-(1→4) or α-(1→6) linkages. Therefore we can conclude that GWD and PWD do not contribute to 
∂Nde(X)/∂t directly. An indirect effect is possible if BAM is involved in the synthesis of transient 
starch. In which case, its exoamylasic activity can be blocked by the phosphate residues which 
come from phosphorylation by GWD and PWD. This could, however, be considered as marginal, as 
typically only one in 2000 glucose residues is phosphorylated (e.g. Arabidopsis leaf starch at the 
end of the synthetic phase) [3]. We can thus expect only a minute amount of phosphate residues on 
an average branch. Therefore, we assume that neither GWD nor PWD contributes significantly to 
∂Nde(X)/∂t. In addition, a mutation in the GWD encoding gene that leads to amylopectin with no 
phosphorylation in Arabidopsis gives no significant difference in the amylopectin CLD [33]. 
(5) Critchley et al. [24] showed that there is no change in the starch CLD of Arabidopsis DPE 
mutant. Therefore, we conclude that DPE does not contribute to ∂Nde(X)/∂t. This contrasts with 
Chlamydomonas reinhardtii, where DPE mutant exhibits an increase in X = 3–5 [22,23]. This 
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difference suggests a different requirement for starch biosynthesis in unicellular green algae 
compared to that in higher plants. 
(6) In Chlamydomonas, mutation in one of the three SP affects the starch CLD by causing a 
reduction in X = 6–13. Whether SP has the same effect in Arabidopsis is unknown. In theory, the 
contribution of SP to ∂Nde(X)/∂t is either the same or opposite of SS, depending on whether SP 
polymerizes or depolymerizes glucan chains, respectively. Therefore, we assumed that it either adds 
or counters the rate of glucan elongation, respectively. This simply means the predicted rate of 
glucan elongation would be a combined rate of SS and SP. The overall rate, however, would have 
to be a positive contribution to propagation, or otherwise starch synthesis would not be possible. 
Considering the above, the synthesis of the transient starch CLD in leaves is modeled by 
formulating ∂Nde(X)/∂t with respect to the contributions of SS, SBE, DBE, AMY and BAM. Note 
that DBE(i) refers to both the ISA- and PUL-type DBE. They are not differentiated in this model 
since both facilitate the hydrolysis of α-(1→6) linkages. To rigorously define the enzymatic 
activities of the enzymes involved we would need to consider factors such as pH change, 
temperature, availability of light, substrate specifies and substrate and products concentrations. One 
way would be to study the enzyme kinetics for the different factors and set out rate equations to 
describe enzymatic activities in terms of the appropriate factors. However, this would give an 
undesirably large number of parameters and would cause the model to always be able to be forced 
to agree with experiment, and would thus be irrefutable, which is scientifically disfunctional [28]. 
Here we assume that overall enzymatic activities, parameterized by an enzymatic rate coefficients, 
represent the average rate over the development of starch molecules during synthesis; with this 
small number of parameters, disagreement with data would indicate that the model needs 
modification or abandonment. Of course, the simplistic representation of the enzymatic activity can 
be refined, and indeed can be replaced by Michaelis-Menten equations, as explored in our previous 
paper [28]. In the current development, the enzymatic rate coefficient are assumed time- and chain-
length independent, except for the various constraints for SBE(i), AMY(i) and BAM(i) which we 
can rigorously defined by Eqn 5.1. The evolution equation governing ∂Nde(X)/∂t in the enzyme set 
(i) range (Features A"–B" in Figure 5.1D) in Arabidopsis leaf starch is given by Eqn 5.1. The right-
hand side includes the contributions from SS(i), SBE(i), DBE(i), AMY(i) and BAM(i). The 
evolution equation governing ∂Nde(X)/∂t in the enzyme set (i) range (Features A"–B" in Figure 5.1D) 
in Arabidopsis leaf starch is given by Eqn 5.1. The right-hand side includes the contributions from 
SS(i), SBE(i), DBE(i), AMY(i) and BAM(i). 
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∂Nde (X ,t)
∂t
= aSS(i) Nde (X −1)− Nde (X )( )  
−aSBE(i)Nde (X )H X − X 0(i) + Xmin(i)( )( ) +aSBE(i)
Nde k + X 0(i)( )
k − Xmin(i) +1
H X − Xmin(i)( )
k=X
∞
∑  
+aSBE(i)
Nde k + Xmin(i)( )
k − X 0(i) +1
H X − X 0(i)( )
k=X
∞
∑ − aDBE(i)Nde X( )
 
−aAMY(i)Nde X( )H X − 4( )+ aAMY(i) Nde k( )
k=X+1
∞
∑ δX ,3  
−aBAM(i)Nde X( )H X −5( )+ aBAM(i)Nde X + 2( )H X −3( )
 
Eqn 5.1 
The enzymatic rate coefficient for glucan elongation by the addition of ADP-glucose by SS(i) and 
possibly SP(i) is aSS(i), with units of s–1. aSBE(i) is that for branching by SBE(i) in enzyme set (i), 
with units of s–1; aDBE(i), aAMY(i) and aBAM(i) are those for debranching, α- and β-amylolysis, 
respectively, all with the same units as aSBE(i). H(y) is a step function: H(y) = 0 for y < 0, = 1 for y ≥ 
0, and appears because of the various constraints for SBE(i), AMY(i) and BAM(i) (see Introduction 
and above). The Kronecker delta δX,3 is 1 for X = 3, and zero otherwise (recall X is a discrete 
variable), and expresses that when branches are hydrolyzed by AMY, they are assumed to reduce to 
X = 3 only. H(X – 3) for BAM indicates the shortest branches produced are X = 3 from X = 5, hence 
H(X – 5) for the other BAM term in Eqn 5.1. The reason for X = 3 is because it is the shortest 
branch length with a significant amount in the CLD (Figure 5.1). 
Eqn 5.1 can be conveniently presented in matrix form as given in Eqn 5.2. 
∂Nde t( )
∂t
= aSS(i)ΩNde  
Eqn 5.2 
Nde(t) is a column vector whose entries comprise Nde(X, t). Ω  is the rate coefficient matrix, whose 
elements comprise the rate coefficients on the right hand side of Eqn 5.1 divided by aSS(i). The 
elements of Ω are dimensionless ratios of the enzymatic rate coefficients, denoted by β(i) = 
aSBE(i)/aSS(i), γ(i) = aDBE(i)/aSS(i), ε(i) = aAMY(i)/aSS(i) and δ(i) = aBAM(i)/aSS(i); these, plus X0(i) and Xmin(i), 
are the six model parameters for the enzyme set (i) component of the CLD. 
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Time evolution of leaf starch CLD 
There is evidence that during the synthesis of Arabidopsis leaf starch, the CLD is in a steady state 
[8]. A steady-state CLD, as defined previously for storage starches in cereal endosperm [6], means 
the relative abundance (concentration) between glucan chains of different X is independent of time 
(although the total amount of starch may change in time). Wu et al. [6] proposed that crystalline-
competent CLD, required for the formation of insoluble starch, is in a steady state. This CLD, 
which describes the glucans at the periphery of growing starch granule (the soluble-insoluble 
interphase) crystallizes non-selectively, giving the granular CLD [28]. Modeling of the CLD of 
glucans at the interphase is then used to describe the granular CLD. A steady-state CLD obeys the 
relation ∂Nde(t)/∂t = ΩNde = 0. Nde(t), the solution of Eqn 5.2, a homogenous first order differential 
equation, is given by Eqn 5.3, as described elsewhere (e.g. [6]). 
Nde (t) = e
λitciui
i=1
∞
∑  
Eqn 5.3 
ciui =Nde (t = 0)
i=1
∞
∑  
Eqn 5.4 
where λi is the ith eigenvalue of Ω and ui is the corresponding eigenvector. Eigenvalues and 
eigenvectors are defined by the relation Ωu = λu, where u is a non-zero vector. ci is given by Eqn 
5.4, which is a system of linear equations. Nde(t = 0) is a column vector whose entries comprise 
Nde(X, t = 0), which give the CLD at the beginning of the period in question. The eigenvalues and 
eigenvectors of Nde(t) for the enzyme set (i) component are controlled by the six model parameters 
(see above). 
To attain a steady-state CLD, there must be at least one zero eigenvalue while the rest of the 
eigenvalues are negative. This condition ensures that Nde(t) evolves in time to the eigenvector 
corresponding to the zero eigenvalue. This zero-eigenvalue condition means only a defined range of 
the enzymatic rate ratios (i.e. β(i), γ(i), ε(i) and δ(i)) are allowed [6]. This range of rate ratios means 
that, in nature, there is a range of steady-state CLD. This is evident by the fact that, for example, 
starch CLD differs between different plant species. 
A way of interpreting the time-evolution of Nde(t) is as follows. Eqn 5.3 shows that the time 
evolution of Nde(t) is described by the eigenvalues and the corresponding eigenvectors. When the 
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zero-eigenvalue condition is satisfied, Nde(t) evolves to the eigenvector corresponding to the zero 
eigenvalue over time. When this happens, Nde(t) is then at a steady state. The time for this to happen 
depends on the values of the rest of the eigenvalues. If there are eigenvectors that correspond to less 
negative (close to zero) eigenvalues, they decay relatively slowly, which means a steady-state Nde(t) 
will require a relatively longer time to reach. Conversely, eigenvectors that correspond to more 
negative eigenvalues decay rapidly. 
Fitting data for Arabidopsis leaf starch CLD 
Arabidopsis leaf starch CLD within the enzyme set (i) range (Features A"–B") from the wild-type 
(WT CLD) and the ISA-type DBE mutant defective in the AtISA1 gene (Atisa1-1 CLD) were non-
linear least squares fitted to the solution of Eqn 5.1, Nde (Figure 5.1). Data were digitized from ref. 
[34]. The fit to the range dominated by enzyme set (i) is parameterized by the six model parameters, 
β(i), γ(i), ε(i), δ(i), X0(i) and Xmin(i). 
Results 
Model fitting of Arabidopsis leaf starch CLD 
Arabidopsis leaf starch CLD shows a number of distinct features. Figure 5.1D shows the CLD 
replotted from data given in [34]. These features are also seen in other reports (Figure S5.1). We 
have proposed that these features are ascribed to what we denote as “enzyme sets” [28]. An enzyme 
set comprises those enzymes that are thought to contribute to ∂Nde(t)/∂t: for example, for storage 
starch in cereal endosperms, an enzyme set would be made up of one each of the various isoforms 
of SS, SBE and DBEs (both the ISA- and PUL-type DBE) or of these enzymes having different 
activity arising from their complexation state, post-translational modification, or other temporally or 
physically distinguished regulatory effects [28]. The enzymes in enzyme set (i) are designated 
SS(i), SBE(i), DBE(i). A given enzyme set often dominates some features of the CLD, but there 
will always be contributions from other enzyme sets in any particular features. 
The features of Arabidopsis leaf starch CLD are as follows, with the labels chosen to be consistent 
with that used previously [28] and discussed extensively in that reference. Feature A" comprises the 
very short chains (X = 3–5), which are not seen in storage starch and must be due to additional 
enzymatic activity. Features A and B are ascribed to enzyme set (i). Feature A is due to one of the 
SBE(i) chain length requirements, X0(i), and covers a range of X of between X0(i) and Xmin(i). Feature 
B is the global maximum which is due to the other chain length requirement, Xmin(i), and lies 
between Xmin(i) and X0(i) + Xmin(i). Feature B", not consistently observed in storage starches, is a small 
bump which may perhaps involves synthesis by an additional enzyme set. Feature C corresponds to 
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the range of Arabidopsis leaf starch CLD beyond the “discontinuity” consistently observed at X = 
17–18 [34]. Feature C in Arabidopsis leaf starch CLD is more prominent than in, for example, 
maize and rice endosperms (e.g. [6]), while being similar to that of the wheat endosperm. There are 
probably additional features after Feature C, but most Arabidopsis leaf starch CLD reported in the 
literature, obtained by high-performance anionic-exchange chromatography (HPAEC), were only 
given up to a range in Feature C (X ≈ 30). It may be that the higher X range were not shown because 
of the limitations of HPAEC (see [35] for a review). Roldan et al. [36] reported Arabidopsis CLD 
with a higher X range (up to ~ 60) when capillary electrophoresis was used instead. 
The Arabidopsis leaf starch CLD model considers the actions of SS(i), SBE(i), DBE(i), AMY(i) 
and BAM(i) in enzyme set(i). When both AMY and BAM are involved in addition to the core 
enzymes, it is designated as AMY+/BAM+; AMY–/BAM– means neither are involved. A 
combination of AMY and BAM (i.e. AMY–/BAM–, AMY–/BAM+, AMY+/BAM– and 
AMY+/BAM+) were tested by fitting to the Arabidopsis CLD data (Figure 5.1). Fitted model 
parameters are given in Figure 5.2. 
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Figure 5.2. Enzymatic rate ratios from fitting Arabidopsis leaf starch CLDs in Figure 5.1. The 
different color bars match those used for the different combinations of AMY and BAM in Figure 
5.1: AMY–/BAM– (black); AMY–/BAM+ (red); AMY+/BAM– (blue); AMY+/BAM+ (purple). 
(A): Fitted enzymatic rate ratios for WT CLD; (B): that for Atisa1-1 CLD. Values of X0(i) and 
Xmin(i) of 6 and 10, respectively, were used for all fits. 
 
The very short chains in Arabidopsis leaf starch CLD are due to the actions of 
AMY 
The presence of Feature A", the very short chains (3 ≤ X ≤ 5), in WT CLD (Figure 5.1D) is ascribed 
to the actions of AMY. Model simulation with AMY–/BAM– fitted to WT CLD lacks Feature A" 
(Figure 5.1A); AMY–/BAM+ gave Feature A" but the fit is not quantitative (Figure 5.1B); AMY-
+/BAM– and AMY+/BAM+ both gave quantitative fits to Feature A" (Figure 5.1C, D). In addition, 
the simulated CLD is essentially the same for AMY+/BAM– and AMY+/BAM+. The fitted model 
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parameters between AMY+/BAM– and AMY+/BAM+ did not show significant differences, except 
for a zero δ(i) for the first case (Figure 5.2A). These suggest that in the wild type Arabidopsis AMY, 
but not BAM, is involved in transient starch synthesis. 
Atisa1-1 CLD was fitted with the different combinations of AMY and BAM as described above. 
AMY+/BAM+ give the closest fit to Atisa1-1 CLD (Figure 5.1H); AMY–/BAM–, AMY–/BAM+ or 
AMY+/BAM– give simulated CLDs that do not quantitatively reproduce Features A" and A (Figure 
5.1E, F, G, respectively). The fitted model parameters show a slight decrease in ε(i), but a significant 
increase in δ(i) with AMY+/BAM+ compared to that for AMY+/BAM– for the wild type Arabidopsis 
(Figure 5.2B). This indicates the relative rate of β-amylolysis is significantly increased in the ISA-
type DBE mutant. There is a higher BAM activity in the leaf extract of the ISA-type DBE mutant 
[34]. This implies that amylopectin in the DBE mutant with the elevated Features A" and A are due 
to excessive β-amylolysis. None of the other combinations of AMY and BAM could reproduce the 
elevated Features A" and A in Atisa1-1 CLD (Figure 5.1E–G). This suggests that in the ISA-type 
DBE mutant, both AMY and BAM are involved in transient starch synthesis. 
There is no significant difference in Features B and B" between the wild-type and ISA-type DBE 
mutant Arabidopsis (Figure 5.1H). All fitting except with AMY–/BAM– gave quantitative fits to the 
features. This further strengths the involvement of AMY in transient starch synthesis in the wild-
type Arabidopsis and both AMY and BAM in the DBE mutant. The model can be made to 
encompass Feature C by an additional enzyme set. In order for the additional enzyme set to yield a 
prominent Feature C, such as that seen in the Arabidopsis leaf starch CLD (Figure 5.1D), the 
additional enzyme set is required to follow the “independent substrate model” as proposed earlier 
for the Triticeae tribe [28]. However, treatment of Feature C with the model is not deemed useful at 
present, because current Arabidopsis leaf CLD data are limited up to X = 30–40, which does not 
provide sufficient data points for accurate fitting (see above). 
Effect of AMY and BAM on rate of attainment of steady-state CLD  
AMY and BAM have effects on the relative rate of steady-state CLD attainment. Figure 5.3 shows 
the eigenvalues corresponding to the fitted model parameters (Figure 6.2) obtained from fitting WT 
CLD and Atisa1-1 CLD with the different combinations of the amylases (Figure 6.1). The full list 
of eigenvalues is given in Figure S5.2. There are differences in the values of the eigenvalues 
between the different combinations of the amylases. Only the real part of the eigenvalues is shown 
because the first few (largest) eigenvalues are real numbers. The largest eigenvalues have the most 
effect on the time-evolution of Nde(t) (see Mathematical Modeling). The eigenvalues are either real 
or complex numbers with non-zero imaginary component; the imaginary components always appear 
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in pairs with opposite sign, so the actual value of Nde(t) is real but with some transient oscillations. 
It is proposed that the time evolution of the CLD before a steady state is reached is described by 
Eqn 5.3. Data for this may be observed if the CLD of the glucan at the periphery of starch granules 
are isolated and characterized. 
 
 
Figure 5.3. Real parts of the eigenvalues corresponding to the fitted model parameters from 
Figure 5.2. (A): Eigenvalues of a particular color are generated by the corresponding 
combination of AMY and BAM given in Figure 5.2 for WT CLD; (B): like (A) for Atisa1-1 
CLD. The zero eigenvalue is for i = 1. The higher eigenvalues are shown in Figure S5.2. 
 
For WT CLD, it is apparent that AMY–/BAM+ generated relatively small negative eigenvalues 
compared to AMY+/BAM– and AMY+/BAM+ (Figure 5.3A). This means the relatively rate of 
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steady-state CLD attainment is slowest in AMY–/BAM+. There are no significant differences 
between eigenvalues of AMY+/BAM– and AMY+/BAM+ (Figure 5.3A); AMY–/BAM– also 
generated similar values of the eigenvalues (Figure 5.3A). 
For Atisa1-1 CLD, AMY–/BAM+ also generated relatively less-negative eigenvalues (Figure 5.3B). 
There are, however, significant differences between AMY+/BAM– and AMY+/BAM+: 
AMY+/BAM– has relatively large negative eigenvalues compared to AMY+/BAM+. AMY+/BAM+ 
has relatively small negative eigenvalues compared to AMY+/BAM– or AMY+/BAM+ for the wild-
type plant. This indicates the relatively rate of steady-state CLD attainment in the ISA-type DBE 
mutant is slow compared to the wild-type plant. AMY–/BAM– generated the largest negative 
eigenvalues, relatively. 
There is generally a wide spread of the values of eigenvalues between the combinations of AMY 
and BAM for the ISA-type DBE mutant (Figure 5.3B), while they are more consistent in the wild-
type plant, except for AMY–/BAM+ (Figure 5.3A). 
AMY and BAM can support the attainment of a steady-state CLD 
We tested the range of the enzymatic rate ratios (i.e. β(i), γ(i), ε(i) and δ(i)) that satisfy the zero-
eigenvalue condition which is required to attain a steady-state CLD. In each case, the extreme case 
was considered: one or more of the enzymatic rate ratios is set to zero while allowing others to vary 
until the zero-eigenvalue condition was satisfied. β(i) = 0 was not tested because SBEs are 
indispensible for amylopectin synthesis. There are eight combinations of zero and non-zero values 
of γ(i), ε(i) and δ(i) which are shown in Table 5.1. 
Table 5.1. Combination of zero and non-zero values of γ(i), ε(i) and δ(i) in Eqn 5.1. 
 β(i) γ(i) ε(i) δ(i) 
* NZ NZ NZ NZ 
* NZ 0 NZ NZ 
* NZ NZ 0 NZ 
* NZ NZ NZ 0 
 NZ 0 0 0 
* NZ 0 0 NZ 
* NZ NZ 0 0 
* NZ 0 NZ 0 
NZ denotes a non-zero value for the enzymatic rate ratio; 0 denotes a zero value for the enzymatic 
rate ratio. * Indicates the zero-eigenvalue condition can be satisfied by the specified combination; 
each row is a combination. 
 107 
 
Table 5.1 shows unless γ(i), ε(i) and δ(i) are all zero, the zero-eigenvalue condition can be satisfied. 
This indicates, given SS and SBE, a steady-state CLD can be attained with any of the combinations 
of DBE, AMY and BAM. The combination SS, SBE and DBE has been shown in our previous 
paper to satisfy the zero-eigenvalue condition for storage starch [6]. 
Discussion 
This paper presents the first mathematical model for the synthesis of transient starch in leaves. The 
model considers the synergic actions of SS, SBE, DBE, the enzyme set considered to be responsible 
for the steady-state attainment of glucan CLD for crystallization of the amylopectin structure for 
insoluble starch granule formation. This work also described an innovative approach where the 
model also included enzymes, α-and β-amylase (AMY and BAM), that had not been previously 
thought to be involved in the starch biosynthesis pathway. 
Modeling suggests the involvement of AMY and BAM in transient starch 
synthesis in Arabidopsis thaliana 
By comparing the simulated CLD obtained with our mathematical model to the CLD produced in 
normal transient starch synthesis in the wild-type Arabidopsis, we discovered that the core enzymes 
(SS, SBE, DBE) are necessary but not sufficient to produce the CLD seen in the wild-type 
Arabidopsis. Indeed, WT CLD showed an extra Feature A" which suggested the presence of 
additional enzymatic activity.  By including different enzymes into our mathematical model, we 
discovered that Feature A" could only be predicted by a form of the model which includes the 
involvement of AMY. This supports our assumption that AMY mainly acts on short A-chains (DP 
6–11) in the newly formed layer of material on starch molecules and not on glucans deposited in the 
semi-crystalline structure of starch. It is reasonable to assume that this structure is less accessible to 
further enzymatic modification. 
From the fit by AMY+/BAM– to the WT CLD, the model implies that AMY is responsible for the 
presence of Feature A". However, further characterization using Arabidopsis ISA-type DBE mutant 
CLD suggested that both AMY and BAM were involved with BAM contributing to the elevated 
Feature A" and A in the ISA-DBE mutants. 
Roles of AMY in Arabidopsis leaf starch synthesis 
Our model suggests that, in the wild-type Arabidopsis, AMY is involved in starch synthesis but 
BAM is not. Indeed, according to our model, AMY is the enzyme responsible for the presence of 
Feature A", the very short chains in the CLD. The presence or absence of BAM in our model did not 
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influence this Feature. This suggests that AMY would act along with the ISA-type DBE to ensure 
the trimming of the pre-amylopectin to finalize starch crystallization. 
Concerted actions of different classes of hydrolysase have been described in Arabidopsis transitory 
starch metabolism [14]. In fact, starch degradation required the simultaneous action of AtAMY3, 
ISA3 and D-enzyme. AtAMY3 would release branched small polysaccharides from starch granule 
which might be digested by the dual action of the D-enzyme and ISA3 on limit dextrin type of 
glucans. Although involved in the starch degradation, this mode of action could be translated into a 
pre-amylopectin editing system, as proposed in our model. It may be possible that structural editing 
by AMY is a plausible alternative and complementary pathway to the DBEs for transient starch 
synthesis. Despite being previously thought to be exclusively involved in starch degradation, recent 
work from Seung et al. [15] demonstrated that AtAMY3, the only chloroplastic α-amylase in 
Arabidopsis, is redox catalyst activated by light. Hypotheses emerged around a potential role AMY 
in a stress-response mechanism. However, having the unique chloroplastic AMY active during 
daylight could also imply a role in the synthetic phase. 
In the sense of pre-amylopectin trimming, α-amylolysis can be seen as a complementary pathway. 
Indeed, AMY has the potential to hydrolyze α-(1→4) linkages further away from the non-reducing 
ends of glucan branches, thereby yielding shorter glucan stubs. These shorter glucan stubs may 
become susceptible to DBEs (Figure 5.4A). This is more efficient than β-amylolysis, as hydrolysis 
by BAM occurs only every second α-(1→4) linkage from the non-reducing ends. When BAM act 
on the highly branched polysaccharide produced in the ISA-type DBE mutant, it produces glucan 
stubs varying in lengths, which may not be the optimal substrate for debranching and may delay 
crystallization (Figure 5.4B). This is supported by our result showing that AMY–/BAM+ results in a 
slower rate of steady-state CLD attainment. 
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Figure 5.4. Model for the roles of AMY and BAM in Arabidopsis transient starch biosynthesis. 
(A) In the wild-type plant, loosely spaced branches are trimmed by DBE effectively; AMY 
hydrolyzes branches to short glucan stubs for further debranching. This produces a 
crystallization-competent structure. (B) In the ISA-type DBE mutant, the highly branched 
polysaccharide is more susceptible to β-hydrolysis which produces varying lengths of glucan 
stubs. Debranching and trimming by AMY and residual DBE activity are ineffective and thus 
delay crystallization. 
 
Furthermore, in the ISA-type DBE mutant Arabidopsis, when both AMY and BAM are involved, 
our model shows that the relative rate at which BAM operates is considerably increased. Our model 
also suggests that loss of ISA-type DBE resulted in glucans more susceptible to β-amylolysis. This 
coincides with the fact that the activity of BAM is higher in the leaf extracts of the Arabidopsis 
ISA-type DBE mutant [34].  Furthermore, this agrees with an increased amount of maltose in a 
mutant of Arabidopsis lacking all DBEs [11]. This implies that part of the increase came from β-
amylolysis of starch during the synthetic phase. On the other hand, the relative rate of α-amylolysis 
decreased. It was observed that small branched oligosaccharides were still produced in the mutant 
lacking all DBEs, but not in the wild-type Arabidopsis. This implies that in the wild-type, branched 
oligosaccharides are synthesized, but turned over rapidly. 
AMY and BAM influence the rate of transitory starch synthesis 
The simulations suggest that the rate of steady-state CLD attainment would be the slowest with 
AMY–/BAM+. This suggests that involvement of BAM, but without AMY, would interfere with the 
trimming of the pre-amylopectin to finalize starch crystallization. This is consistent with the notion 
 110 
(above) that β-amylolysis is a less efficient mechanism for transient starch synthesis. However, the 
additional involvement of AMY (i.e. AMY+/BAM+) restored the rate of steady-state attainment to 
that of the wild-type Arabidopsis (AMY+/BAM–). Interestingly, Arabidopsis AMY knock-out 
mutant showed no significant change in the rate of starch accumulation in the leaves compared to 
the wild-type plant [13]. This is exactly what we predict with AMY–/BAM–. 
In the ISA-type DBE mutant, AMY–/BAM+ is also predicted to yield the slowest rate of steady-
state CLD attainment. However, the model predicts that when the involvement of BAM is removed 
(AMY+/BAM–), the rate of steady-state CLD attainment is comparable to that in the wild-type 
Arabidopsis. This not only suggests that BAM is detrimental to the rate of steady-state CLD 
attainment, but it could act preferentially on the highly branched polysaccharide produced in the 
ISA-type DBE mutant, reducing the efficiency of complementing enzymes, for example, the PUL-
type DBE. 
There is a wide spread in the eigenvalues in the ISA-type DBE mutant with the different 
combinations of AMY and BAM. This suggests that when the ISA-type DBE is involved, the rate 
of starch synthesis is insensitive to the involvement of the different combinations of AMY and 
BAM. This implies the ISA-type DBE is the main regulator of the rate of steady-state CLD 
attainment required for the formation of insoluble starch. In our model, AMY seems to have a 
significant but limited effect and BAM would only be detrimental to the rate of steady-state CLD 
attainment. 
There are several inferences we can make about the roles of AMY and BAM in Arabidopsis 
transient starch synthesis from the eigenvalues. (1) A way of interpreting the zero-eigenvalue 
condition of the model is that steady-state CLD attainment in the wild-type Arabidopsis requires the 
simultaneous involvement of both the synthetic enzymes (i.e. SS and SBE) and the degradation 
enzymes (i.e. DBE, AMY) to support starch synthesis. The degradation enzymes can be regarded as 
responsible for CLD (structural) editing in order for the CLD to attain a steady state. (2) In the wild-
type Arabidopsis, ISA-type DBEs are the preferred enzymes to carry out the structural editing. This 
is inferred from the finding that when the DBE is involved, the rate of stead-state attainment is 
insensitive to the other structural editing enzymes, AMY and BAM. It appears that hydrolysis of α-
(1→6) linkages by DBEs is an effective structural editing mechanism for supporting crystallization 
for starch synthesis. This is consistent with the fact that a large number of DBE mutants result in 
reduced or abolished starch synthesis and cause the accumulation of water-soluble glucan 
(phytoglycogen). Mutations in other types of structural editing enzymes do not exhibit such striking 
phenotypes. For example, there was no report of phytoglycogen in the AMY [13] or BAM [16] 
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mutants. This may be because phtoglycogen was not accumulated in significant amounts. (3) The 
values of the eigenvalues for the ISA-type DBE mutant with AMY+/BAM+ are less negative 
compared to those in the wild-type plant (see above). This indicates the relatively rate of steady-
state CLD attainment in the ISA-type DBE mutant is slow compared to the wild-type plant. This is 
the first indication of the possibility that crystallization of glucans is slower in DBE mutants, as 
proposed by Myers et al. [1] and Delatte et al. [8]. 
Model simulations showed in the case of a complete absence of all DBEs, the involvement of either 
AMY or BAM or both is able to satisfy the zero-eigenvalue condition for the attainment of a 
steady-state CLD. This explains why in the Arabidopsis mutant lacking all DBEs (ISA1, ISA2, 
ISA3 and PUL) and AMY (a quintuple mutant), starch granule synthesis is still observed [11]. The 
CLD under this circumstance is significantly enriched in short chains, especially DP 3, followed by 
DP 2. Our simulation shows a complete absence of DBE with only SS, SBE and BAM yield a CLD 
with the same characteristics as experimentally observed [11]. This implies BAM becomes the main 
enzyme contributing to the attainment of a steady-state CLD in the quintuple mutant. 
The model fitting shows the involvement of BAM is responsible for the elevated Features A" and A 
in the ISA-type DBE mutant. The small differences at Feature A between Atisa1-1 CLD and 
simulated CLD with AMY+/BAM+ (Figure 5.1H) suggests also that, besides BAM, the glucans are 
acted on by additional types of biosynthetic enzymes not normally seen as partaking in transient 
starch synthesis. Phytoglycogen CLD is also enriched in Features A" and A chains [8,34]. On this 
basis, we propose that BAM is one of the major enzymes contributing to the formation of 
phytoglycogen in Arabidopsis ISA-type DBE mutant. 
Conclusions 
Our transient starch CLD model shows that, in addition to the core biosynthetic enzymes, AMY is 
also involved in the trimming of the pre-amylopectin for starch synthesis in Arabidopsis leaves. In 
the ISA-type DBE mutant, both AMY and BAM are involved. AMY, and to a lesser extent BAM, 
are responsible for the presence of Feature A" in Arabidopsis leaf starch CLD. Our model suggests 
that neither AMY or BAM regulate the rate of steady-state CLD attainment in wild-type 
Arabidopsis; this instead is controlled by the ISA-type DBE. BAM is detrimental to the rate of 
steady-state CLD attainment as it attacks non-reducing ends and competes with the ISA-type DBE 
for trimming of pre-amylopectin. The model shows it is possible for AMY and BAM to support 
starch synthesis in mutants lacking all DBEs. DBEs are not the only enzymes that can facilitate 
steady-state CLD attainment for starch synthesis. These results thus provide new perspectives on 
the roles of AMY and BAM in transient starch synthesis. 
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Chapter 6: General discussion 
The aim of the work presented in this thesis is to establish models for the biosynthesis-structure 
relation of starch, an important link in the biosynthesis-structure-property paradigm for focusing our 
efforts in the rational design of starch [122]. This modelling approach presents a means by which 
starch structure can be related to the underlying biosynthetic mechanisms through mathematical 
modelling. Model developments consider the starch biosynthetic processes, i.e. mechanisms of the 
core enzymes involved, and forming kinetic equations (ordinary differential equations), solving by 
an eigenanalysis (which gives use insights into various aspects of this biosynthesis) and numerically 
solving them for starch CLD prediction. Starch biosynthesis of reserve starches in cereal 
endosperms and transient starch in leaves were modelled. Transient starch is important for the 
growth of plants, and reserve starch is important for the propagation of plants and our food energy 
source. The models revealed several mechanistic insights in starch biosynthesis that are invaluable 
for the rational design of starch. 
Accurate characterization of starch CLD 
There are various procedures currently in use for starch CLD analysis. An inevitable problem of 
this is that starch CLDs obtained by different procedures cannot be directly compared; plus, some 
procedures even led to artifactual results. The most commonly used procedures were the alkali 
procedure and DMSO procedure [123]. In Chapter 2, a procedure based on the DMSO procedure 
was explored for an improved analysis of starch CLD which is vital for establishing accurate 
biosynthesis-structure relations of starch. The exact experimental procedure is given in Text S2.1. 
There are two improvements on CLD characterization. (1) It was found that dissolution of starch in 
DMSO-LiBr at 80°C for 20 h is the method of choice for minimizing artifacts; starch dissolution in 
aqueous NaOH solution at 100°C for 5 min yielded artifactual results. (2) Conditions for the 
amination of debranched linear glucans with APTS were optimized which showed that only one-
third of the previously published amount is needed, reducing the cost of performing FACE 
significantly. These improvements in starch CLD analysis can benefit, not only the study of 
biosynthesis-structure relations, but also the structure-property relations as well. As reviewed in 
Chapter 1, understanding the full picture, biosynthesis-structure-property relations of starch, is a 
holistic approach for working towards the rational design of starch which has significant global 
impact [1]. 
Mechanistic insights into cereal starch biosynthesis 
In Chapters 3, the biosynthesis-structure relations of starch were modelled by a mathematical 
model, using starch in cereal endosperms as an example for reserve-starch. It is emphasized that 
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even though the model was developed by taking the amylopectin CLD in rice endosperm as an 
example, the model is not species-specific. The modes of action for the enzymes considered in the 
model are in fact general. For example, the model assumes SS elongates glucan chains; this true for 
all SS isoforms in any botanical background. The same argument was applied to SBE and DBE. 
This is supported by the fact that the mathematical model could be fitted to a wide range of species 
[71]. The differences between species are introduced into the mathematical model by the variations 
in the fitting parameters. The mathematical model of amylopectin CLD is built on the widely 
accepted cluster model of amylopectin. However, it would be worthwhile to include the two-
directional backbone model in my theory in future studies. 
Several insights into the synthesis of granular starch in cereal endosperms were revealed by the 
reserve-starch model. (1) To generate crystalline starch, defined restrictions on particular ratios of 
enzymatic activities apply. This implies that developing plants yielding starches with significantly 
different CLDs is limited by the possible vital activities of the enzymes involved in starch 
biosynthesis. (2) The model showed that the involvement of DBEs on the surface of starch granules 
is a part of the machinery in starch biosynthesis. This supports the glucan-trimming model as 
proposed by Myers et al. [32] and argues against the water-soluble polysaccharides (WSP)-clearing 
model as proposed by Zeeman et al. [33]. (3) The model predicted that the alternating crystalline-
amorphous lamellae in starch granules are formed, not successively, but in the following order. The 
adjacent crystalline lamellae, constituted by single-lamellae chains, have to be formed before the 
glucans in the amorphous lamella in between the two crystalline lamellae are formed. This suggests 
that the glucans in the amorphous lamellae can be subjected to alterations, while not affecting those 
that contribute to the crystalline lamellae as these glucans are important for the compact structure of 
starch granule. (4) There are two proposed models developed here for the formation of single-
lamellae chains: the independent-substrate model and the substrate-competing model. The 
independent-substrate model was shown to apply to endosperm starches in the Triticeae tribe, such 
as wheat; whereas the substrate-competing model applied to rice. This suggestings that the two 
enzyme sets responsible for the SL chains have different interactions between wheat and rice, and 
that in wheat, the two enzyme sets act on separate populations of glucans in starch biosynthesis. It 
was found that if the two enzyme sets follow the substrate-competing model, Feature C in the 
amylopectin CLD is less prominent. This suggests that at least two levels of enzymatic mechanisms 
need to be considered for starch biosynthesis: (i) the function of the theoretically defined enzyme 
sets; and (ii) the modes at which the enzyme sets interact. The physical interpretation of the 
theoretically defined enzyme sets is not explored in this thesis. This is a useful path for achieving 
the rational design of starch, as the starch CLD is seen to be controlled by these enzyme sets. One 
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possible physical interpretation of these enzyme sets are enzyme complexes. It was found that, in 
wheat, at least two distinct complexes exist containing SSI, SSIIa, and either of SBEIIa or SBEIIb 
[124]. This coincides with our independent-substrate model for the Triticeae tribe. Studies of 
enzyme complexes, together with the mathematical modelling of starch CLD have the potential to 
elucidate the functions of enzyme complexes during starch biosynthesis for the rational design of 
starch, by directing our efforts to examine the interactions between starch biosynthetic enzymes. (5) 
The model provides the first tool by which a small number of key parameters defining the core 
enzymatic activities can be derived from the amylopectin CLD, providing the basis for focusing 
studies on the enzymatic requirements for generating starches of a particular structure. 
Understanding starch biosynthesis through mathematical modelling for the rational 
design of cereal starch 
The aim of modeling starch biosynthesis set out in this thesis is to accelerate efforts to understand 
granular starch biosynthesis for the rational design of starch. In Chapter 4, it is demonstrated how 
parameterization of starch CLD with the reserve-starch model is useful for providing insights into 
starch biosynthesis for the rational design of starch. The reserve-starch model developed in Chapter 
3 was applied to amylopectin CLD, obtained from the method described in Chapter 2, from various 
plant sources and is shown to provide mechanistical insights into starch, in particular amylose, 
biosynthesis. Statistical analysis of the model parameters revealed that a higher relative SBE 
activities for the synthesis of amylopectin branches is correlated with a shortening of long amylose 
chains (X = 700 – 40000). It appears that the entrapped SBEs in starch granules contribute to the 
formation of long amylose chains. A possible causal explanation is that extrapped SBEs shorten 
amylose chains by cleaving long chains and creating branches. It is possible that the relative 
abundance and/or average length of long amylose chains can be controlled by the activities of SBE 
during starch synthesis. In contrast to what was observed for the long amylose chains, the same was 
not seen for the short amylose chains (X 100 – 700). This implies a means to increase the relative 
amount of long amylose chains to that of the short amylose chains by reducing SBE activities, 
which has been shown to be associated with the slowing of the digestibility of cooked rice grains 
[76], which is important for avoiding and managing health complications, especially obesity, 
diabetes, and colo-rectal cancers [108,109]. 
Rational design of cereal starch for improved nutritional value through mathematical 
modelling 
The reserve-starch biosynthesis model suggested a novel means for the rational design of cereal 
starch, despite the limitations through changing the activities of the enzymes involved in starch 
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biosynthesis. The model suggests that the minimum chain-length constraint for the transferred and 
residual segments of SBE action does not have the same restriction as that on enzyme activities 
alone. This led to an on going work to design maize SBEIIa (mSBEIIa) mutants with single-
nucleotide polymorphism in the catalytic domain of the enzyme aiming to alter the minimal chain-
length constraints of mSBEIIa. Linear glucans from debranched amylose were incubated with 
mSBEIIa in vitro. Preliminary results confirmed that altering the catalytic domain of the enzyme 
could lead to shorter branches being produced compared to the wild-type mSBEIIa (Figure S6.1G). 
It could be possible that the short branches are produced because that the minimal chain-length 
constraints of mSBEIIa are shortened. Further work is required to verify the reason for the 
production of short branches in the particular mSBEIIa mutant, designated as R436K, which, as the 
name suggest, carries a single amino-acid change at residue position 436 from Arginine to lysine. 
One of the possibilities for advancing “designer enzymes” for the rational design of starch is to 
combine such study with structural biology analysis such as that described in [125] (i.e. analysis of 
binding of maltooligosaccharides on rice SBEI) to elucidate the molecular mechanisms that led to 
shorter branches. Structural biology analysis may also direct mSBEIIa designs; together with a 
more accurate characterization of the CLD (FACE as described in Chapter 2), the combined affort 
could lead to designer enzymes providing another tool for the rational design of starches. 
Mechanistic insights into leave starch biosynthesis 
In Chapter 5, a mathematical model of transient-starch biosynthesis in leaves was developed. 
Again, I want to emphasize that even though the model was developed by taking the amylopectin 
CLD in Arabidopsis leaves as an example, the model is not species-specific as discussed above. 
Several insights into the synthesis of leaf starch were revealed by the transient-starch model adding 
to our knowledge of transient-starch biosynthesis. (1) In addition to the core biosynthetic enzymes, 
α-amylase is also involved in starch biosynthesis and that (2) β-amylase, not usually featured in 
normal starch biosynthesis, becomes significantly involved when DBE is missing. (3) The model 
also predicted that starch biosynthesis is possible through combinations of α- and β-amylases in the 
complete absence of DBEs, which explains the synthesis of insoluble starch granules in the 
complete absence of DBEs [34]. These results suggest that starch biosynthesis is, to some extent, a 
flexible process where it is possible to make starch in viable plants through different combinations 
of enzymes. (4) It was observed that the rate of starch accumulation differs when different enzymes 
are involved, for example, less starch is accumulated in DBE mutants, which was also predicted 
through eigenvalue and eigenvector analysis of the transient-starch model. The modelling approach 
presents an approach in predicting the amount of accumulated starch in leaves. 
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Conclusions 
This thesis has demonstrated the usefulness of mathematical modelling approach in accelerating our 
understanding of the biosynthesis-structure relations of starch. The mechanistic insights from 
mathematical modelling provide a basis for focus our efforts to manipulate starch structure and 
functionality using a series of testable predictions based on a robust mechanistic framework. This 
thesis is a step forward towards truly rational design of starch that has global significance. 
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 A 
Appendix for: 
Chapter 1 
 
Figure S1.1. Nde(X), converted from the SEC weight distribution wde(logX) given in Figure 1.1. 
 
  
 B 
Chapter 2 
 
Figure S2.1. Electropherogram output from the LIF detector for normal barley starch 
obtained by the DMSO-LiBr treatment. The middle and lower panels are enlargement 
of different ranges of the top panel. 
  
 C 
Text S2.1 
Preparation of linear glucans from polysaccharides for SEC and FACE analysis 
Day 1 
Purification and dissolution 
Grain/flour samples 
Pure starch, amylopectin, amylose and 
glycogen samples 
1. Grind grains into a fine flour using 
cryo-grinder 
2. Transfer 7-9 mg flour (equivalent to ~4 
mg dry starch) to a 2-mL 
microcentrifuge (Eppendorf) tube (A) 
3. Mix the flour with 0.5 mL protease in 
tricine buffer (2.5 Units/mL) using a 
vortex mixer and incubate at 37°C for 
30 min. Store protease in -20°C freezer; 
tricine buffer in 4°C fridge. Tricine 
buffer expires in 6 months. 
a. Start: 
b. Finish: 
4. Mix well, centrifuge at 4000 g for 10 
minutes, discard the supernatant 
5. Mix the precipitate with 0.5 mL 
sodium bisulfite solution (0.45%) 
using a vortex mixer and incubate at 
37°C for 30 min 
a. Start: 
b. Finish: 
6. Mix well, centrifuge at 4000 g for 10 
minutes, discard the supernatant 
1. NA 
2. Transfer 4-6 mg of starch to a 2-mL 
microcentrifuge (Eppendorf) tube (A) 
3. NA 
4. NA 
5. NA 
6. NA 
7. Suspend the precipitate in 1.5 mL DMSO/LiBr (0.5% w/w) and invert by hand to make a 
homogenous mixture 
8. Heat in the thermomixer at 80°C 350 rpm for 24 hours and invert it by hand occasionally 
to make sure a homogenous mixture 
a. Start: 
b. Finish: 
 
 D 
Day 2 
Purification and dissolution cont. 
7. Mix well, centrifuge at 4000 g for 10 minutes and COLLECT the supernatant in a 15-mL centrifuge 
tube (This step is to remove insoluble materials, mostly non-starch polysaccharides and lignin) 
8. Add 10 mL absolute ethanol, mix well (This step is to precipitate the starch in the supernatant) 
9. Centrifuge (horizontal rotor) at 4000 g for 10 minutes and DISCARD the supernatant (This step is to 
remove non-starch soluble materials, mostly lipids and proteins) 
10. Add another 10 mL absolute ethanol, mix well 
11. Centrifuge at 4000 g for 10 minutes and DISCARD the supernatant (This step is to remove residual 
DMSO/LiBr) 
12. Trap the last drop of ethanol by inverting the tube on a paper towel 
Debranching  
13. Immediately disperse the precipitate in 0.9 mL of warm deionized water, shake gently to break up 
the precipitate, heat in a boiling water bath until all precipitate is dispersed (roughly 10 min) 
14. Cool the dispersion to room temperature, add 0.1 mL acetate buffer (0.1 M, pH ~ 3.5) 
15. Add 5 µL sodium azide solution (0.04g/mL) 
16. Add 2.5 µL Megazyme isoamylase solution to the starch or amylopectin dispersion. Store 
isoamylase in 4°C fridge. 
17. Vortex the whole mixture (both ends of the tube), incubate at 37°C for 3 h 
a. Start: 
b. Fnish: 
18. Neutralize the mixture to pH ~ 7 (check with pH paper if in doubt) with 0.1 mL NaOH (0.1 M) 
19. Transfer the mixture to a pre-weighted 2-mL microcentrifuge (Eppendorf) tube (C) 
20. Heat at 80°C for 1 h 
a. Start: 
b. Finish: 
21. Lift up the lid of the microcentrifuge tube and cover with a punctured cap (two holes) 
22. Freeze the linear glucan dispersion in liquid nitrogen until no or less bubbling is observed 
23. (This step is useful if there is a large amount of samples) Put 3 microcentrifuge tubes in a 50-mL 
centrifuge tube and cap with punctured cap (extensive number of holes) 
24. Freeze-dry the dispersion overnight (dried samples may be stored in desiccator until use; best to 
tightly seal the microcentrifuge with parafilm) 
a. Start: 
b. Finish (Freeze-dried samples prepared by): 
25. Weigh the microcentrifuge and dried samples (B) 
 E 
Day 3 
Treating the linear glucans for FACE analysis Treating the linear glucans for SEC analysis 
Reductive amination with APTS 
1. Break up dried linear glucans into powder 
with spatula for better dissolution 
2. Transfer 0.2–0.3 mg dry linear glucans to a 
new 2-mL microcentrifuge (Eppendorf) tube2 
(if not used immediately, seal tightly with 
Parafilm and store in desiccator) 
3. Centrifuge at 4000 g for 2 min (force the 
powder to the bottom of the tube) 
Test run: it is in the best interest of saving money to 
label two (2) samples (replicates) for testing before 
labelling all of your samples. 
4. Add 1.5 µL APTS labelling dye (0.2 M) in 
15% acetic acid 
5. Add 1.5 µL sodium cyanoborohydride (1 
M) 
6. Flick the bottom of the tube, centrifuge at 
4000 g for 2 min, mix gentle again 
7. Labelling reaction (must keep in the dark): 
a. Incubate at 60°C for 90 min; or 
b. Incubate at 40°C overnight 
c. Start: 
d. Finish: 
8. Add 80 µL H2O, vortex until all precipitate is 
dissolved 
9. Centrifuge at 4000 g for 2 min 
10. Transfer 50 µL of the mixture to micro vials 
ready for analysis 
11. Analyse with CE ASAP 
1. Break up dried linear glucans into powder 
with spatula for better dissolution1 
2. Dissolve the dry linear glucans with 
DMSO/LiBr in the same microcentrifuge 
tube to make 4 mg/mL solution (for branched, 
2 mg/mL) in the thermomixer at 80 °C for 24 
hours and invert it by hand occasionally 
a. Start: 
b. Finish: 
3. Mix well, centrifuge at 4000 g for 10 minutes 
and transfer the supernatant to SEC vials 
ready analysis 
a. SEC samples prepared by: 
 
b. SEC samples ran at: 
1,2 SEC sample can be used for FACE analysis 
APTS labelling dye specification: 0.2 M 
APTS labelling dye preparation: 
a. Centrifuge the APTS vial at 4000 g for 2 min (force the APTS powder to the bottom of the tube) 
b. Add 50 µL of 15% acetic acid to the bottom of the APTS vials (containing 5 mg APTS) 
c. Vortex for 10 sec, flick, vortex for another 10 sec 
d. Centrifuge the APTS vial at 4000 g for 2 min 
e. MUST store the reconstituted APTS at -35 to -15°C; good for up to 2 weeks 
f. Mark the tube to record the number of times used; vial ≈ 33 samples 
  
 F 
Information table 
No. 
Sample ID 
(Date, Your initial, Sample name; 
i.e. 20140414 AW Wax D 1) 
 
(A) 
Flour/starc
h (mg) 
(B) Tube + 
starch (g) 
(C) Tube 
(g) 
Linear 
glucans 
(mg) 
DMSO/Li
Br (mL) 
1 2014      
2 2014      
3 2014      
4 2014      
5 2014      
6 2014      
7 2014      
8 2014      
9 2014      
10 2014      
11 2014      
12 2014      
13 2014      
14 2014      
15 2014      
16 2014      
17 2014      
18 2014      
19 2014      
20 2014      
21 2014      
22 2014      
23 2014      
24 2014      
25 2014      
26 2014      
27 2014      
28 2014      
29 2014      
30 2014      
31 2014      
32 2014      
33 2014      
34 2014      
35 2014      
36 2014      
37 2014      
38 2014      
39 2014      
40 2014      
41 2014      
42 2014      
43 2014      
44 2014      
45 2014      
46 2014      
47 2014      
48 2014      
49 2014      
50 2014      
51 2014      
52 2014      
53 2014      
54 2014      
55 2014      
 
 G 
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Solvents and buffers 
Tricine buffer specification: 250 mM, pH 7.5 
Tricine buffer preparation: 
a. Add 44.80 g tricine to 1 L deionized water 
b. Prepare 1 M NaOH by dissolving 4 g NaOH in 100 mL deionized water 
c. Adjust the pH of a. to 7.5 with ~ 20 mL of b. 
 
Sodium bisulfite specification: 0.45% w/w 
Sodium buffer preparation: 
a. Add 0.45 g sodium bisulfite to 100 mL deionized water 
 
DMSO/LiBr specification: 0.5% w/w 
DMSO/LiBr preparation: 
a. Add 13.75 g LiBr to 2.5 L pure DMSO/LiBr 
 
Acetate buffer specification: 0.1 M, pH ~ 3.5 
Acetate buffer preparation: 
a. Acetic acid (0.1 M) – dilute 1.15 mL of 17.4 N acetic acid with deionized water to 
200 mL (REMEMBER: Add acid to water) 
b. Sodium acetate (0.1 M) – dissolve 1.64 g of sodium acetate anhydrous (or 2.72 g of 
sodium acetate trihydrate) in deionized water and dilute to 200 mL 
c. Adjust the pH of acetic acid solution (0.1 M) with sodium acetate solution (0.1 M) 
to pH 3.5 (the ratio is 18.9:1) 
d. Store acetate buffer in 4°C fridge. Expires in 6 months 
 
Sodium azide solution specification: 0.04g/mL 
Sodium azide solution preparation: 
a. Add 8 g of sodium aizde to 200 mL deionized water 
  
 I 
Chapter 3 
Text S3.1. Derivation of the time-evolution equation for the solution of CLD 
The advance on our treatment is a Michaelis-Menten approach for enzyme kinetics compared to our 
previous model [1]. Chain growth by the action of SS in enzyme set α, SS(α), as given in the main 
body of text where α = i, ii, iii, iv. The rates of change in the number of individual chain lengths in 
the non-lamellar phase are given in (Eqn S3.1–S3.3). For convenience, Nde = Nde.NL(X, t).  
 
 
 Eqn S3.1 
 
 Eqn S3.2 
 
 Eqn S3.3 
H(y) is a step function: H(y) = 0 for y < 0, = 1 for y ≥ 0, and appears in (Eqn S3.1) because X is 
synthesized from X – 1 by the action of SS (i.e. DP X gives X + 1 by propagation); the smallest 
physically possible X is 1, and the smallest possible product from SS is X = 2. The concentration of 
ADP-glucose at a given time is denoted g(t). The same development is applied to other S




. α = i, ii, iii, iv for different enzyme sets. 
Branching (SBE) as given in the main body of text. The notations given below are generalized for 
all SBEs. The enzymatic process is: 
Nde (X )+ g(t)+SS(α) k2SS(α )
  k1SS(α )
Nde.SS(α ) complex (X )!→!
k3SS(α )
Nde (X +1)+SS(α)
∂Nde
∂t
SS(α )
= −k1SS(α )[SS(α)]g(t)Nde (X )+ k2SS(α )Nde.SS(α ) complex (X )
+k3SS(α )Nde.SS(α ) complex (X −1)H (X − 2)
∂Nde.SS(α )  complex
∂t
SS(α )
= k1SS(α )[SS(α)]g(t)Nde (X )− k2SS(α )Nde.SS(α ) complex (X )
−k3SS(α )Nde.SS(α ) complex (X )
d[SS(α)]
dt SS(α )
= {−k1SS(α )[SS(α)]g(t)Nde(X )
X =2
∞
∑ + k2SS(α )Nde.SS(α ) complex (X )
+k3SS(α )Nde.SS(α ) complex (X )}
 J 
 
 
 
 Eqn S3.4 
 
 
Eqn S3.5 
 
 
Eqn S3.6 
Debranching (DBE). 
 
 Eqn S3.7 
 
 Eqn S3.8 
Nde (X )+SBE(α) k2SBE(α )
  k1SBE(α )
Nde.SBE(α )  complex (X )!→!
k3SBE (α )
Nde (Xi )+ Nde (X j )+SBE(α),X = Xi + X j
∂Nde
∂t
SBE(α )
= −k1SBE(α )[SBE(α)]Nde (X )+ k2SBE(α )Nde.SBE(α )  complex (X )
+k3SBE(α )
Nde.SBE(α ) complex (k + X 0 )
k − Xmin +1
H (X − Xmin )
k=X
∞
∑
+k3SBE(α )
Nde.SBE(α ) complex (k + Xmin )
k − X 0 +1
H (X − X 0 )
k=X
∞
∑
∂Nde.SBE(α ) complex
∂t
SBE(α )
= k1SBE(α )[SBE(α)]Nde (X )− k2SBE(α )Nde.SBE(α ) complex (X )
−k3SBE(α )Nde.SBE(α ) complex (X )H X − Xmin + X 0( )( )
d[SBE(α)]
dt SBE(α )
= {−k1SBE(α )[SBE(α)]Nde (X )
X=2
∞
∑ + k2SBE(α )Nde.SBE(α ) complex (X )
+k3SBE(α )Nde.SBE(α ) complex (X )H X − X 0 + Xmin( )( )}
Nde (X )+DBE(α) k2DBE(α )
  k1DBE(α )
Nde.DBE(α )  complex (X )!→!
k3DBE (α )
DBE(α)
∂Nde
∂t
DBE(α )
= −k1DBE(α )[DBE(α)]Nde (X )+ k2DBE(α )Nde.DBE(α )  complex (X )
∂Nde.DBE(α )  complex
∂t
DBE(α )
= k1DBE(α )[DBE(α)]Nde (X )− k2DBE(α )Nde.DBE(α )  complex (X )
−k3DBE(α )Nde.DBE(α )  complex (X )
 K 
 
 Eqn S3.9 
The time evolution of the non-lamellar CLD confined to the SL space is then given by: 
 
 
 Eqn S3.10 
Two steady-state approximations can be made: the enzyme-substrate complex, Nde.E complex, reaches 
an equilibrium rapidly, also the amount of free enzymes, [E], is in an equilibrium with the complex. 
I.e.: 
 
Applying the steady-state approximation to (Eqn S3.2): 
 
 
 
d[DBE(α)]
dt DBE(α )
= {−k1DBE(α )[DBE(α)]Nde (X )
X=1
∞
∑ + k2DBE(α )Nde.DBE(α )  complex (X )
+k3DBE(α )Nde.DBE(α )  complex (X )}
∂Nde
∂t
=
∂Nde
∂t
SS(i)
+
∂Nde
∂t
SS(ii)
+
∂Nde
∂t
SBE(i)
+
∂Nde
∂t
SBE(ii)
+
∂Nde
∂t
DBE(i)
+
∂Nde
∂t
DBE(ii)
+
∂Nde.SS(i) complex
∂t
SS(i)
+
∂Nde.SS(ii) complex
∂t
SS(ii)
+
∂Nde.SBE(i) complex
∂t
SBE(i)
+
∂Nde.SBE(ii) complex
∂t
SBE(ii)
+
∂Nde.DBE(i) complex
∂t
DBE(i)
+
∂Nde.DBE(ii) complex
∂t
DBE(ii)
∂Nde.E complex
∂t
E
=
∂[E]
∂t E
= 0
k1SS(α )[SS(α)]g(t)Nde (X ) = k2SS(α )Nde.SS(α ) complex (X )+ k3SS(α )Nde.SS(α ) complex (X )
k1SS(α )[SS(α)]g(t)Nde (X ) = k2SS(α ) + k3SS(α )( )Nde.SS(α ) complex (X )
k1SS(α )
k2SS(α ) + k3SS(α )
[SS(α)]g(t)Nde (X ) = Nde.SS(α ) complex (X )!" #$
 L 
The same treatment is applied to (Eqn S3.5 and S3.8). Making this steady-state approximation for 
the complex terms (Nde.SS(α) complex, etc., and in each enzyme) reduces the various equations in all 
quantities to ones in Nde alone: 
 
 
 
 
 
 
Eqn S3.11 
where  
 Eqn S3.12 
 Eqn S3.13 
 Eqn S3.14 
and analogous for enzyme set (i) where, (i) is replaced with (ii) 
 
∂Nde (X ,t)
∂t
= aˆSS(i)g(t)+ aˆSS(ii)g(t)( ) Nde (X −1)− Nde (X )#$ %&
−aSBE(i)Nde (X )H X − X 0(i) + Xmin(i)( )( ) +aSBE(i)
Nde k + X 0(i)( )
k − Xmin(i) +1
H X − Xmin(i)( )
k=X
∞
∑
+aSBE(i)
Nde k + Xmin(i)( )
k − X 0(i) +1
H X − X 0(i)( )
k=X
∞
∑
−aSBE(ii)Nde (X )H X − X 0(ii) + Xmin(ii)( )( ) +aSBE(ii)
Nde k + X 0(ii)( )
k − Xmin(ii) +1
H X − Xmin(ii)( )
k=X
∞
∑
+aSBE(ii)
Nde k + Xmin(ii)( )
k − X 0(ii) +1
H X − X 0(ii)( )
k=X
∞
∑
− aDBE(i) + aDBE(ii)( )Nde (X )− fcrystNde (X )+ r(X )
aˆSS(i) =
k1SS(i)k3SS(i)
k2SS(i) + k3SS(i)
[SS(i)];aSS(i) (t) = aˆSS(i)g(t)
aSBE(i) =
k1SBE(α )k3SBE(α )H (X − (X 0(i) + Xmin(i) ))
k2SBE(α ) + k3SBE(α )H (X − (X 0(i) + Xmin(i) ))
[SBE(i)]
aDBE(i) =
k1DBE(α )k3DBE(a)
k2DBE(α ) + k3DBE(a)
[DBE(i)]
 M 
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Text S3.2. Type-2 TL chains are independent from the SL chains. 
Fitting (Figure 3A) shows that the features in the trans-lamella (TL) CLD are not reproduced from 
single-lamella (SL) kinetics alone. We test the possibility of invoking extra enzyme sets. The 
features in the TL CLD (Figure 3B) are less distinguishable; a simpler treatment is that one enzyme 
set dominates the TL range. This supposed enzyme set, then, incorporates the contributions of two 
sets: substrate-competing model. Therefore a total of three enzyme sets is modeled. This extension 
involves putting in the contributions from an extra of each of SS, SBE and DBE in Eqn 3.1 and 
derive to obtain Eqn 3.5 to solve for Nde(X). However, the calculated three-enzyme-sets CLD do not 
yield a quantitative fit to TL CLD of Nipponbare amylopectin CLD (Figure S3.3). This result 
implies that the type-2 TL chains have to form independently of the SL chains. 
 
Text S3.3. Program “APCLDFIT” manual 
PROGRAM “APCLDFIT” 
Least-squares fit of experimental amylopectin chain-length distributions to parameterized 
model for biosynthesis 
Authors: Alex Chi Wu, Robert G Gilbert 
The University of Queensland, Centre for Nutrition and Food Sciences, Queensland Alliance for 
Agricultural and Food Innovation, Brisbane, QLD 4072, Australia 
Referencing: this program should be referenced as: 
“Fortran program APCLDFIT, Alex C Wu and Robert G Gilbert, The University of Queensland, 
2013.” 
Always check for updates which can be downloaded from 
https://sourceforge.net/projects/starchcldfit/?source=directory 
Or alternatively search for “starchcldfit” at http://sourceforge.net/ and link on the search result 
“Starch CLD fit”. 
 N 
Questions and comments can be posted and viewed in the Discussion (a sourceforge account is 
required to post in the Troubleshoot forum). By subscribing to Starch CLD fit, users will be 
automatically notified for updates and posts. 
 
Overview 
This FORTRAN program package finds the parameters involved in amylopectin chain-length 
distribution (CLD) biosynthesis 

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. The CLD data are obtained by first debranching the starch with a 
debranching enzyme, then characterizing the resulting linear starch branches using any of FACE 
(fluorophore-assisted carbohydrate electrophoresis), HPAEC (high performance anion exchange 
chromatography) or SEC (size-exclusion chromatography, sometimes termed GPC, gel-permeation 
chromatography). The CLD is denoted by Nde(X): the number distribution of chains with a degree 
of polymerization (DP) of X glucose residues. Note that FACE and HPAEC give Nde(X) directly, 
whereas SEC gives X2Nde(X) [1]. The amylopectin CLD biosynthesis theory used by this program is 
explained in the article “A Parameterized Model of Amylopectin Synthesis provides key insights 
into the Synthesis of Granular Starch”, by Alex Chi Wu, Matthew K. Morell and Robert G. Gilbert, 
and in [2]. The following gives a summary of the model; the papers should be consulted before use 
of this program. 
The amylopectin CLD biosynthesis model assumes that the synthesis of the amylopectin CLD 
involves only three classes of enzymes and their various isoforms: starch synthases (SSs), starch 
branching enzymes (SBEs) and debranching enzymes (DBE). One of each enzyme from different 
classes (e.g. SSIIA, SBEIA, isoamylase [a type of DBE]) comprise an enzyme set. Two enzyme sets 
govern the chains confined to a single lamella (SL); another two enzyme sets govern the chains that 
reside in the amorphous lamella, the type-2 trans-lamella (TL) chains. The overall CLD is formed 
from the actions of several enzyme sets acting simultaneously. 
A sample of amylopectin CLD from FACE is given in Figure S7, with descriptions of the various 
features, which are taken from the article. These features come from particular enzyme sets and 
restrictions on the biosynthetic enzymes (e.g. X0 and Xmin on SBEs), which have been described in 
our earlier model [2] and in the article. 
Using this program, one can fit the CLD of amylopectin with this model. The fitting parameters 
comprise: (1) the relative branching activities, β, which is the activity of SBE divided by that of SS, 
for each enzyme set (β(i), β(ii), …), where (i), (ii) etc. denote each enzyme set; (2) the relative 
 O 
debranching activities acting on the SL CLD, γ(i,ii), which is the total activity of DBEs from enzyme 
set (i) and (ii) divided by that of SS from enzyme set (i) and (ii), γ(iii,iv) for that of the type-2 TL 
CLD (which is not an independent variable and is calculated in the code from other parameters); (3) 
the two minimum chain-length constraints on the action of SBEs, X0 and Xmin (also one of each per 
enzyme set: X0(i), Xmin(i), X0(ii), Xmin(ii) …); (4) the contribution to the overall CLD of the type-2 
TL CLD relative to that of the SL CLD, h(iii/i). 
 
Program structure 
The program package contains a main program APCLDFIT.f and the data files as described in the 
subsection below. 
Data files 
It is recommended that users input their own data by editing the sample data files (except for 
DF_EXPNde_F_H.txt or DF_EXPNde_S.txt; see data file number 3 of the following section) with a 
text editor such as “TextEdit” or “WordPad”. Do not use Microsoft Excel, as this can change 
things such as line break characters to make the file unreadable by the code. 
1. Data file DF_tolerance.txt 
Contains the tolerance parameters for the non-linear least squares fitting (explained in input 
parameter numbers 21–29 in the following section). 
2. Data file DF_paras.txt 
Contains the input parameters (explained in input parameter numbers 1–20 in the following 
section). 
3. Data file DF_EXPNde_F_H.txt or DF_EXPNde_S.txt 
DF_EXPNde_F_H.txt contains a Nde(X) from either FACE or HPAEC to be fitted by APCLDFIT; 
the equivalent for SEC data is stored in DF_EXPNde_S.txt. A sample of both is supplied in the 
program package. Only one of the files is needed for fitting at any one time; however, ensure that 
both files exist and only make changes to the appropriate file (e.g. if fitting Nde(X) from FACE, 
prepare only DF_EXPNde_F_H.txt, while leaving DF_EXPNde_S.txt unchanged). File preparation 
for both is explained below and must be followed to ensure correct format. 
FACE and HPAEC data give Nde(X) directly as relative percentage for a series of integers X. 
 P 
To prepare a new DF_EXPNde_F_H.txt for FACE or HPAEC data: (1) create an Excel spread sheet 
which contains the experimental CLD; (2) save with the name “DF_EXPNde_F_H.txt” as a 
Windows Formatted Text in Unix or Tab delimited Text in Windows. 
SEC generates the SEC distribution, denoted w(logX). Nde(X) is calculated from this with the 
relationship Nde(X) = X – 2  w(logX). The Nde(X) from SEC will be finely spaced from a continuous 
distribution (e.g. X = 1.00, 1.01, 1.02 …); the program performs linear interpolation to find the 
approximate Nde(X) at integer values of X (X = 1, 2, 3, …, 100). 
To prepare a new DF_EXPNde_S.txt for SEC data: (1) create an Excel spread sheet which contains 
the experimental CLD. Note that SEC gives a continuous DP. All data points within a particular 
range should be supplied in ascending DP. The range starts from the DP closest to 1 until the DP 
which is just above 100); (2) save with the name “DF_EXPNde_S.txt” as a Windows Formatted 
Text in Unix or Tab delimited Text in Windows. 
4. Data file DF_wSL.txt 
Specifies weightings for each data point in the SL range (i.e. SLrS – SLrE). The default is to treat 
all data points equally (i.e. weight = 1 for all DPs). If the user wishes to obtain better agreement for 
particular DP(s) between the calculated and experimental CLD, this can be achieved by increasing 
the weighting for the corresponding DP(s). 
To prepare DF_wSL.txt: (1) create an Excel spread sheet which contains the weighting required; (2) 
save with the name “DF_wSL.txt” as a Windows Formatted Text. 
5. Data file DF_wTL.txt 
The same as DF_wSL.txt, for designating the weighting used in the TL range. 
Input parameters 
The following parameters are in DF_paras.txt 
1. CT 
Integer; the characterization technique used for obtaining the experimental amylopectin CLD to be 
fitted by the program. If CT = 1, FACE or HPAEC; if CT = 2, SEC. 
2. SLrS 
Integer; the starting X for the fitting range considered in the non-linear least squares fitting in the SL 
(single-lamella) range. 
3. SLrE 
 Q 
Integer; the finishing X for the fitting range considered in the non-linear least squares fitting in the 
SL range. 
4. TLrE 
Integer; the finishing X for the fitting range considered in the non-linear least squares fitting in the 
TL (trans-lamella) range. 
5. beta(i) 
Floating point; the initial guess of β(i) for enzyme set (i). 
6. X0(i) 
Integer; the initial guess of X0(i) from enzyme set (i). 
7. Xmin(i) 
Integer; the initial guess of Xmin(i) for enzyme set (i). 
8. By_pass(i) 
Integer; if By_pass(i) = 1, optimization of X0(i) and Xmin(i) from enzyme set (i) will not be 
considered and the program uses the initial values supplied; if By_pass(i) = 0, optimization will be 
carried out based on the initial values supplied. 
If CT = 2, input numbers 9–12 will not be used, but dummy input must be supplied (e.g. 0 for each). 
9. beta(ii) 
Floating point; the initial guess of β(ii) for enzyme set (ii). 
10. X0(ii) 
Integer; the initial guess of X0(ii) for enzyme set (ii). 
11. Xmin(ii) 
Integer; the initial guess of Xmin(ii) from enzyme set (ii). 
12. By_pass(ii) 
Integer; if By_pass(ii) = 1, optimization of X0(ii), Xmin(ii) for enzyme set (ii) will not be considered 
and the program uses the initial values supplied; if By_pass(ii) = 0, optimization will be carried out 
based on the initial values supplied. 
13. beta(iii) 
 R 
Floating point; the initial guess of β(iii) for enzyme set (iii). 
14. X0(iii) 
Integer; the initial guess of X0(iii) for enzyme set (iii). 
15. Xmin(iii) 
Integer; the initial guess of Xmin(iii) for enzyme set (iii). 
16. By_pass(iii) 
Integer; if By_pass(iii) = 1, optimization of X0(iii), Xmin(iii) for enzyme set (iii) will not be 
considered and the program uses the initial values supplied; if By_pass(iii) = 0, optimization will be 
carried out based on the initial values supplied. 
If CT = 2, input numbers 17–20 will not be used, but dummy input must be supplied (e.g. 0 for 
each). 
17. beta(iv) 
Floating point; the initial guess of β(iv) for enzyme set (iv). 
18. X0(iv) 
Integer; the initial guess of X0(iv) for enzyme set (iv). 
19. Xmin(iv) 
Integer; the initial guess of Xmin(iv) for enzyme set (iv). 
20. By_pass(iv) 
Integer; if By_pass(iv) = 1, optimization of X0(iv), Xmin(iv) for enzyme set (iv) will not be 
considered and the program uses the initial values supplied; if By_pass(iv) = 0, optimization will be 
carried out based on the initial values supplied. 
The following parameters are in DF_tolerance.txt 
21. Xmax 
Integer; numerical parameter to ensure convergence. The total number of DPs X in the calculation 
(the order of Ω in Eqn 2 of the paper) is truncated at Xmax, which must be a sufficiently large 
value. The test of this is when the calculated Nde(X) converges to the desired precision 
(supplementary information of [2]). Xmax = 110 is recommended for fitting amylopectin CLDs. 
 S 
If CT = 2, input numbers 23, 25, 27 and 29 will not be used, but dummy input must be supplied 
(e.g. put a 0 in place). 
22. DX(i) 
Floating point up to 4 decimal places; initial increment of beta(i) employed in the non-linear least 
squares fitting. 
23. DX(ii) 
Same as DX(i), but for beta(ii). 
24. DX(iii) 
Same as DX(i), but for beta(iii). 
25. DX(iv) 
Same as DX(i), but for beta(iv). 
26. ACCX(i) 
Floating point; the desired accuracy of beta(i) employed in the non-linear least squares fitting. 
27. ACCX(ii) 
Same as ACCX(i), but for beta(ii). 
28. ACCX(iii) 
Same as ACCX(i), but for beta(iii). 
29. ACCX(iv) 
Same as ACCX(i), but for beta(iv). 
Program output 
The program generates three output files: (1) The file “Input_data.txt” gives all inputs in the data 
files: DF_EXPNde_F_H.txt or DF_EXPNde_S.txt, DF_paras.txt, DF_tolerance.txt, DF_wSL.txt 
and DF_wTL.txt; (2) the file “Final_result.txt” gives the overall experimental CLD and the overall 
calculated CLD; and (3) the file “Fitting_refinement_data.txt” gives the fine details of fitting. 
Input_data.txt. This file lists the input parameters and the experimental CLD read in by the 
program. Users are encouraged to check this file to ensure the desired parameters and experiment 
CLD are entered correctly. The program will overwrite an existing file of the same name or create 
one if it does not exist. 
 T 
Final_result.txt. For most users, this is all that is needed, which gives the overall experimental 
CLD (either from FACE, HPAEC or SEC) and the overall calculated CLD fitted to the experiment. 
The best way of plotting the CLDs is with a logarithmic Y axis, so that one has a plot of 
log10Nde(X) against X [1,2]. This is exemplified in Figure S7. 
Final_result.txt also gives the fitted parameters for the overall calculated CLD. Most of the fitted 
parameters are described in the previous section. Extra fitted parameters are: 
1. The relative debranching activities for the SL and the type-2 TL CLDs: 
a. If CT = 1, gamma(i,ii) and gamma(iii,iv), which are the fitted value of γ(i,ii) and γ(iii,iv), 
respectively or; 
b. If CT = 2, gamma(i) and gamma(iii), which are the fitted value of γ(i) and γ(iii), 
respectively; 
2. TLstart = the starting DP of the type-2 TL chains (the program determines TLstart = SLrE + 1); 
3. h(iii/i) = the ratio of the maximum of the type–2 TL CLD to that of the SL CLD, h(iii/i). 
The default output for Final_result.txt is displayed directly in Terminal if running in Unix or 
Command Prompt in Windows. In Unix the result can be transferred to a new Microsoft Excel 
spreadsheet and named “Final_result” by copy and paste. This is ready for plotting. For Windows, 
the following instruction is recommended, which is also applicable in Unix. 
Generate Final_result.txt directly via Terminal or Command Prompt as follows. In Unix, if the 
compiled file is called “fit”, one would run the program with the command line 
./fit > Final_result.txt 
In Windows, the command line is: 
fit > Final_result.txt 
Final_result.txt can then be opened directly from Microsoft Excel for plotting. 
Fitting_refinement_data.txt. This provides the fine details of fitting, which can be plotted on a 
logarithmic Y axis to determine if refinement is needed. The program will overwrite an existing file 
of the same name or create one if it does not exist. Fitting_refinement_data.txt can be opened 
directly from Microsoft Excel for plotting. 
If CT = 1, output file 3 will contain 4 blocks of data, as appropriate for FACE or HPAEC 
experimental CLD. The first block of data contains the fitting results to the SL chains of the 
experimental CLD from all possible combinations of X0(i) and Xmin(i), while holding X0(ii) and 
Xmin(ii) constant. The first column gives the DP, followed by the overall experimental CLD, then 
 U 
the possible fits to the SL CLD with different combinations of X0(i) and Xmin(i) determined by the 
program. The best possible fit is placed first. The optimal fit is determined by the smallest least-
squares residual of the fit. The second block of data is analogous to the first, but for optimizing 
X0(ii) and Xmin(ii) for enzyme set (ii), while employing the optimal X0(i) and Xmin(i) from enzyme 
set (i) optimization. The third block of data contains the fitting results to the type-2 TL chains of the 
experimental CLD from all possible combinations of X0(iii) and Xmin(iii) for enzyme set (iii), while 
holding X0(iv) and Xmin(iv) constant. This time the first column gives the DP, followed by the 
overall experimental type-2 TL CLD, then the possible fits to the SL CLD determined by the 
program. The fourth block is analogous to the third except is for optimizing X0(iii) and Xmin(iii) for 
enzyme set (iv), while holding X0(iii) and Xmin(iii) constant. 
The best fit from data blocks 2 and 4 can be plotted (e.g. Figure 2a,b in the article) to determine if 
fittings require refinements; they show more detail. The fitting parameters are reported for all 
fittings. If either input numbers 8, 12, 16 or 20 = 1 (i.e. by-pass enzyme set (i), (ii), (iii) or (iv) 
optimization), a fit based on the initial input parameters for the corresponding enzyme set will be 
generated. 
If CT = 2, the output of the program contains 2 blocks of data, as appropriate for SEC experimental 
data. The structure of output is similar to CT = 1 except there is no enzyme set (ii) and (iv). In this 
case, the best fit from data blocks 1 and 2 can be plotted (e.g. Figure 2a,b in the article) to determine 
if fittings require refinements. 
 
Examples of fitting amylopectin CLD with the program package 
This section gives an example each for fitting CLD data obtained by FACE or HPAEC and SEC 
with the program package. Users are recommended to examine the example thoroughly before 
treating their own CLDs. 
Fitting CLDs obtained by either FACE or HPAEC 
This example uses the CLD in Figure S7. Ensure all data files are prepared as appropriate for fitting 
CLD obtained by FACE or HPAEC. The fitting procedures can be divided into three main sections 
as follows. 
1. Preliminary fitting of the CLD. Make a guess of the SL range, which is between SLrS and 
SLrE, in the overall CLD. It is recommended to set SLrS = 10. Users can employ the values 
of beta(i) – (iv) supplied in the program package. Make a guess of the parameters: X0(i), 
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Xmin(i), X0(ii) and Xmin(ii) for the SL range by examining the CLD. X0(i) is usually the 
starting DP of the CLD (= 6); Xmin(i) is roughly the DP at which the global maximum starts 
(≈ 8). The same principle is applied to X0(ii) and Xmin(ii), where their values may be 10 
and 15, respectively. X0(iii), Xmin(iii), X0(iv) and Xmin(iv) for the TL range can be set to 
the following. Set both X0(iii) and X0(iv) to 1 and set Xmin(iii) and Xmin(iv) equal to 
Xmin(i) and Xmin(ii), respectively. Make a guess of TLrE. Set parameter numbers 8, 12, 16 
and 20 = 1 to by pass optimizations for enzyme set (i) – (iv) in this preliminary fitting. 
Figure S8 shows a typical preliminary fit. 
2. Optimize fitting to the SL range. It is worthwhile refining the preliminary fitting (Figure S8) 
manually for the SL range, if the fitting is significantly different to the experimental CLD, 
prior to optimization. The preliminary fitting can be manually refined in the following way. 
In the example given here, a smaller Xmin(i) is needed since the calculated global maximum 
is slightly higher than the experimental CLD. In the contrary, a larger Xmin(i) will be 
needed if calculated CLD gives the global maximum at a lower DP. The same principle is 
applied to X0(ii) and Xmin(ii). Make appropriate changes to X0(i), Xmin(i), X0(ii) and 
Xmin(ii) to generate a refined fit. If user is satisfied with the changes, set input numbers 8 
and 12 = 0 to optimize X0(i), Xmin(i), X0(ii) and Xmin(ii). User input is needed to refine 
SLrE if required. The goal is to fit as many data points as possible on the near-linear slope 
after Feature C (Figure S7). One way to refine SLrE, given that the experimental CLD is 
sufficiently accurate, is by comparing the experimental type-2 TL CLD to that of the 
calculated CLD (the last block of data in Fitting_refinement_data.txt). For example, if the 
experiment is significantly lower than the calculated in the first few DPs, this usually 
indicates that a larger SLrE is needed. A fit with optimal SL range is shown in Figure S9. 
3. Optimize fitting to the TL range. It may be difficult to manually refine the input parameters 
for the TL range as described above for the SL range. The features in the TL range are less 
prominent. It is recommended to go straight into optimization by setting input number 16 
and 20 = 0 to determine the best X0(iii), Xmin(iii), X0(iv) and Xmin(iv). During this, input 
numbers 8 and 12 are set to 1, since enzyme set (i) and (ii) are already optimized. User input 
is needed to refine TLrE if required: fit as many data points as possible on the near-linear 
slope after Feature E (Figure S7). Feature F is ascribed by additional enzyme sets not 
included in the present model and should not be fitted. The optimal fitting for the TL range 
is shown in Figure S10. This shows a typical optimized fit to the overall amylopectin CLD 
obtained by FACE or HPAEC. Note that the imperfect behavior at DP >~ 65 is ascribed to 
the presence of additional enzyme sets at these higher DPs. 
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Fitting CLDs obtained by SEC 
Ensure all data files are prepared as appropriate for fitting CLD obtained by SEC. Fitting CLDs 
obtained by SEC is analogous to that described for FACE or HPAEC except that beta, X0 and 
Xmin for enzyme set (ii) and (iv) (i.e. input numbers 9–12 and 17–20) are not required. A typical 
optimized fit to the overall amylopectin CLD obtained by SEC is shown in Figure S11. The 
behavior at the very short DP (< 6) may or may not be present, but may be due to band broadening 
of SEC and should be ignored in the non-linear least squares fitting, which is simply achieved with 
the default setting SLrS = 10 (above). The calculated CLD often has a sharper Feature B compared 
to experimental CLD obtained by SEC (Figure S11). This is because only enzyme set (i) is present 
as opposed to enzyme set (i) and (ii) in the SL range. The imperfect behavior at DP >~ 60 is ascribed 
to the presence of additional enzyme sets at these higher DPs. 
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Figure S3.1. Rice amylopectin CLD fitted with the independent substrate model. This figure is 
analogous to Figures 3.2 and 3.3 combined in the article. Experimental CLD is taken from Figure 
3.2. Yellow circles: experiment. 
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Figure S3.2. Wheat amylopectin CLD (yellow circles) fitted with the independent substrate 
model. This figure is analogous to Figures 2 and 3 combined in the article. Yellow circles: 
experiment. The fitting is similar to, but better than, that used for the same data in our earlier work 
[24]. 
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Figure S3.3. Calculated CLD (red circles) when three enzyme sets act in a substrate-
competing manner. Rice amylopectin CLD (yellow circles; experiment) is from Figure 2. Black-, 
gray- and white-filled shapes indicate X = 6, 30, and 67, respectively. Experiment shows a 
pronounced shoulder/maximum around X = 40 (indicated by the top arrow) while the calculated 
CLD shows a barely visible feature (indicated by the lower arrow). Xmin(iii) and X0(iii) are 40 and 4, 
respectively. A value of 0.054 is used for β(iii), which is the average β for the trans-lamella kinetics 
(Figure 4; β(iii) and β(iv)). 
 
 
Figure S3.4. Parameters yielded by the substrate-competing (black bars) and independent 
substrate model (gray bars). These parameters are for fitting the single-lamella range of the CLD 
in Figure S3. In the substrate-competing model, β is the branching activity from an enzyme set 
 AA 
divide by that of the total propagation from set (i) and (ii). In the independent model, β is the 
branching activity divided by propagation activity from only one enzyme set. The value h(ii/i) is not 
applicable in the substrate-competing model. 
 
 
Figure S3.5. CLD from various botanical backgrounds fitted with the substrate-competing 
model. Calculated CLD (green circles) fitted to the experimental amylopectin CLD of (A) wheat, 
(B) potato, (C) normal maize, and (D) high amylose maize. (E) shows the fitted h(iii/i) values from 
(A)–(D). The amylopectin CLD, obtained by FACE, was digitized from ref. [25]. X0(i) and Xmin(i) 
values used for fittings are: (A) 2, 10; (B) 6, 10; (C) 6, 7; (D) 7, 9. 
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Figure S3.6. Calculated CLDs (red circles) with a combination of different values of X0(i) and 
Xmin(i). Rice amylopectin CLD (experimental; yellow squares, data from Figure 2) is given as a 
reference for the calculated CLDs. A combination of a range of X0(i) and Xmin(i) values are used to 
generate the calculated CLDs: X0(i) of 3, 4, 5, and 6 (rows: top to bottom); Xmin(i) of 7, 8, 9 and, 10 
(columns: left to right). X0(ii) and Xmin(ii) of  9 and 14 is used throughout and does not influence the 
global maximum significantly. Black- and gray-filled shapes are X = 6 and 30, respectively. 
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Figure S3.7. Description of the features in rice amylopectin CLD (yellow circles). Experimental 
CLD is reproduced from Figure 2. X stands for DP. Crosses mark the features of the CLD. Feature 
A is due to X0(i) of SBE(i). Feature B is the maximum which appears between X0(i) and X0(i) + Xmin(i) 
of SBE(i). Feature C is a small bump arising from the X0(i) and Xmin(ii) restriction on SBE(ii) in the 
same way as X0(i) and Xmin(i).  Features A, B, and C, ascribed to enzyme sets (i) and (ii), are for 
chains confined to single lamellae (SL), where the chains pack together forming crystalline 
lamellae. The SL chains dominate the range 6 ≤ X <~ 30. Chains protruding the SL range enter the 
immediate amorphous lamella, here termed the trans-lamella (TL) range. Features D and E are 
analogous to Features B and C, except that they are in the TL range (ascribed to enzyme sets (iii) 
and (iv)). The TL equivalent of Feature A is not apparent. Feature F indicates chains that span 
beyond a SL and TL. Being able to distinguish the equivalents of Features A, B, and C in the 
Feature F range requires a larger CLD range and more accurate data than are usually available. 
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Figure S3.8. Preliminary fitting (green circles) to the CLD described in Figure S7 (yellow 
circles). The fitting is generated with some initial guesses of the fitting parameters. 
 
 
Figure S3.9. Optimized fitting to the single-lamella range (DP ≤ 30) of the CLD in Figure S8. 
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Figure S3.10. Optimized fitting to the trans-lamella range (DP > 30) of the CLD in Figure S9. 
 
 
Figure S3.11. Optimized fitting (green circles) to a typical amylopectin CLD (yellow circles) 
obtained by SEC. 
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Text S3.4. APCLDFIT code 
!====================================================
====== 
!   Automatically finds the best fitting to an EXPNde 
!   except SLrS & SLrE 
!   gammai_ii & gammaiii_iv precise to 0.000001 
!   Xmax = 110 is recommended 
!====================================================
===== 
 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER 
XminiA(1000),X0iA(1000),XminiiA(1000),X0iiA(1000) 
      INTEGER 
XminiiiA(1000),X0iiiA(1000),XminivA(1000),X0ivA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap,enzi_ii 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
       
      INTEGER mx 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
       
      LOGICAL CONV 
      EXTERNAL FUN1 
      EXTERNAL FUN2 
 
!     Available 307 
 
 
      NP = 1000 
      MP = 1 
      N1 = 1 
 
      
OPEN(unit=13,file='DF_tolerance.txt',status='old') 
      OPEN(unit=14,file='DF_paras.txt',status='old') 
      OPEN(15,file='DF_EXPNde_F_H.txt',status='old') 
      OPEN(11,file='DF_EXPNde_S.txt',status='old') 
      OPEN(17,file='DF_wSL.txt',status='old') 
      OPEN(18,file='DF_wTL.txt',status='old') 
       
      
OPEN(unit=12,file='Input_data.txt',status='replace') 
       
      
OPEN(unit=16,file='Fitting_refinement_data.txt', 
     1 status='replace') 
 
      WRITE(12,*) 'Input parameters:' 
! READING PARAMETERS IN FILE 'tolerance.txt'--
----------- 
      WRITE(12,*) '' 
      WRITE(12,*) 'tolerance.txt' 
      READ(13,157) XMAX 
      WRITE(12,178) Xmax 
 
      Norm=XMAX 
 
      READ(13,156) DXp(1) 
      WRITE(12,170) DXp(1) 
      READ(13,156) DXp(2) 
      WRITE(12,171) DXp(2) 
      READ(13,156) DXp(3) 
      WRITE(12,172) DXp(3) 
      READ(13,156) DXp(4) 
      WRITE(12,173) DXp(4) 
       
      READ(13,156) ACCXp(1) 
      WRITE(12,174) ACCXp(1) 
      READ(13,156) ACCXp(2) 
      WRITE(12,175) ACCXp(2) 
      READ(13,156) ACCXp(3) 
      WRITE(12,176) ACCXp(3) 
      READ(13,156) ACCXp(4) 
      WRITE(12,177) ACCXp(4) 
       
 157  FORMAT('                ',I8) 
 156  FORMAT('                ',F8.4) 
 
 178  FORMAT('Xmax = ',I4) 
 170  FORMAT('DX(i) = ',F8.4) 
 171  FORMAT('DX(ii) = ',F8.4) 
 172  FORMAT('DX(iii) = ',F8.4) 
 173  FORMAT('DX(iv) = ',F8.4) 
 174  FORMAT('ACCX(i) = ',F8.4) 
 175  FORMAT('ACCX(ii) = ',F8.4) 
 176  FORMAT('ACCX(iii) = ',F8.4) 
 177  FORMAT('ACCX(iv) = ',F8.4) 
 
! READING PARAMETERS IN FILE 'paras.txt'------
----------- 
      WRITE(12,*) '' 
      WRITE(12,*) 'paras.txt' 
      READ(14,157) CT 
      WRITE(12,179) CT 
       
      READ(14,157) SLrS 
      WRITE(12,180) SLrS 
      READ(14,157) SLrE 
      WRITE(12,181) SLrE 
      TLstart=SLrE+1 
      READ(14,157) TLrE 
      WRITE(12,182) TLrE 
 
      READ(14,156) betai 
      WRITE(12,183) betai 
      READ(14,157) X0i 
      WRITE(12,184) X0i 
      READ(14,157) Xmini 
      WRITE(12,185) Xmini 
      READ(14,157) opi 
      WRITE(12,186) opi 
       
      READ(14,156) betaii 
      WRITE(12,187) betaii 
      READ(14,157) X0ii 
      WRITE(12,188) X0ii 
      READ(14,157) Xminii 
      WRITE(12,189) Xminii 
      READ(14,157) opii 
      WRITE(12,190) opii 
       
      READ(14,156) betaiii 
      WRITE(12,191) betaiii 
      READ(14,157) X0iii 
      WRITE(12,192) X0iii 
      READ(14,157) Xminiii 
      WRITE(12,193) Xminiii 
      READ(14,157) opiii 
      WRITE(12,194) opiii 
 
      READ(14,156) betaiv 
      WRITE(12,195) betaiv 
      READ(14,157) X0iv 
      WRITE(12,196) X0iv 
      READ(14,157) Xminiv 
      WRITE(12,197) Xminiv 
      READ(14,157) opiv 
      WRITE(12,198) opiv 
 
 179  FORMAT('CT = ',I1) 
 180  FORMAT('SLrS = ',I2) 
 181  FORMAT('SLrE = ',I2) 
 182  FORMAT('TLrE = ',I2) 
 183  FORMAT('beta(i) = ',F8.4) 
 184  FORMAT('X0(i) = ',I2) 
 185  FORMAT('Xmin(i) = ',I2) 
 186  FORMAT('By_pass(i) = ',I1) 
  
 187  FORMAT('beta(ii) = ',F8.4) 
 188  FORMAT('X0(ii) = ',I2) 
 189  FORMAT('Xmin(ii) = ',I2) 
 190  FORMAT('By_pass(ii) = ',I1) 
  
 191  FORMAT('beta(iii) = ',F8.4) 
 192  FORMAT('X0(iii) = ',I2) 
 193  FORMAT('Xmin(iii) = ',I2) 
 194  FORMAT('By_pass(iii) = ',I1) 
  
 195  FORMAT('beta(iv) = ',F8.4) 
 196  FORMAT('X0(iv) = ',I2) 
 197  FORMAT('Xmin(iv) = ',I2) 
 198  FORMAT('By_pass(iv) = ',I1) 
 
! READING PARAMETERS IN FILE 'EXPNde.txt'-----
----------- 
!   IF CT = 1 (FACE/HPAEC) 
      IF (CT .EQ. 1) THEN 
        READ(15,20) DPNAM,EXPNAM 
  20    FORMAT(3A1,40A1) 
        DO 21 i=1,1000 
        READ(15,*,END=19) DP(i), EXPNde(i) 
        EXPmax=DP(i) 
  21    CONTINUE 
 
  19    CALL maxv(EXPNde,EXPmax,nmaxva) 
!        WRITE(6,*) nmaxva 
 
        DO 14 i=1,EXPmax 
        EXPN(i)=EXPNde(i)/nmaxva 
 GG 
  14    CONTINUE 
 
      ELSE 
! converting SEC Nde(X) with continuous X to discrete 
values of X by linear interpolation       
!   IF CT NE 1 (SEC) 
        XmaxSEC = 0 
        READ(11,20) DPNAM,EXPNAM 
        DO 26 i=1,1000 
        READ(11,*,END=27) xa(i), ya(i) 
!        WRITE(6,999) xa(i),ya(i) 
        XmaxSEC = XmaxSEC + 1 
  26    CONTINUE 
 
! 999  FORMAT(1p,E16.8,' ',1p,E16.8) 
 
  27    EXPmax=100 
!        WRITE(6,*) XmaxSEC 
 
        DO 146 i=1,XmaxSEC 
        IF(i .GE. xa(1)) GO TO 147 
 146    CONTINUE   
  
 147    DO 148 k=1,i-2 
        DP(k)=k 
 148    CONTINUE         
  
        DO 154 xpo=i-1,EXPmax 
        DO 152 j=1,XmaxSEC 
         
        DP(xpo)=xpo 
         
        IF (DBLE(xpo) .EQ. xa(j)) THEN 
          EXPNde(xpo)=ya(j) 
        ELSE IF (DBLE(xpo) .GT. xa(j) .AND. DBLE(xpo) 
.LT. xa(j+1)) THEN 
          mypo= (ya(j+1)-ya(j))/(xa(j+1)-xa(j)) 
          EXPNde(xpo)=mypo*(DBLE(xpo)-xa(j))+ya(j) 
        END IF 
 
 152    CONTINUE 
 154    CONTINUE 
 
        CALL maxv(EXPNde,EXPmax,nmaxva) 
 
        DO 153 i=1,EXPmax 
        EXPN(i)=EXPNde(i)/nmaxva 
 153    CONTINUE 
  
      END IF 
 
      DO 29 i=1,EXPmax 
      AA(10+i,1)=i 
      AA(10+i,2)=EXPN(i) 
  29  CONTINUE 
 
      WRITE(12,*) '' 
      WRITE(12,*) 'EXPNde.txt' 
      IF(CT .EQ. 1) THEN 
      WRITE(12,*) 'DP EXPNde (FACE/HPAEC)' 
      ELSE 
      WRITE(12,*) 'DP EXPNde (SEC)' 
      END IF 
      DO 155 i=1,EXPmax 
      WRITE(12,10) DP(i),EXPNde(i) 
 155  CONTINUE 
 
      WRITE(12,*) '' 
      IF(CT .EQ. 1) THEN 
      WRITE(12,*) 'DP EXPNde (FACE/HPAEC) 
normalized' 
      ELSE 
      WRITE(12,*) 'DP EXPNde (SEC) normalized' 
      END IF 
      DO 22 i=1,EXPmax 
      WRITE(12,10) DP(i),EXPN(i) 
  22  CONTINUE 
 
  10  FORMAT(I3,' ',1p,E16.8) 
 
! READING PARAMETERS IN FILE 'wSL.txt and 
wTL.txt'------- 
      READ(17,145) label 
      DO 23 i=1,Xmax 
      READ(17,*) DP(i), wSL(i) 
  23  CONTINUE 
 145  FORMAT(40A1) 
 
      READ(18,145) label 
      DO 30 i=1,Xmax 
      READ(18,*) DP(i), wTL(i) 
  30  CONTINUE 
 
      WRITE(12,*) '' 
      WRITE(12,*) 'wSL & wTL.txt' 
      WRITE(12,*) 'DP SL Weighting TL 
Weighting' 
      DO 24 i=1,Xmax 
      WRITE(12,199) DP(i), wSL(i), wTL(i) 
  24  CONTINUE 
   
 199  FORMAT(I3,' ',F8.4,' ',F8.4) 
 
! CALCULATING SL 
CLD==================================================
========== 
      enzi_ii=1 
      IF (CT .EQ. 1) THEN 
      N=2 
      ELSE 
      N=1 
      END IF 
 
!   By-pass enzyme set (i) optimization--------------
------ 
      IF (opi .EQ. 1) GO TO 140 
 
      DO 201 opri=1,20 
      mingap=1 
!   FUNMIN SPECS-------------------------------------
------ 
      icount=0 
 112  IF (icount .EQ. 9) GO TO 102 
      icount=icount+1 
       
      IF (icount .EQ. 2) Xmini=Xmini-1 
      IF (icount .EQ. 3) Xmini=Xmini+2 
      IF (icount .EQ. 4) Xmini=Xmini-2 
      IF (icount .EQ. 4) X0i=X0i-1 
      IF (icount .EQ. 5) Xmini=Xmini+1 
      IF (icount .EQ. 6) Xmini=Xmini+1 
      IF (icount .EQ. 7) Xmini=Xmini-2 
      IF (icount .EQ. 7) X0i=X0i+2 
      IF (icount .EQ. 8) Xmini=Xmini+1 
      IF (icount .EQ. 9) Xmini=Xmini+1 
 
      X(1)=betai 
      X(2)=betaii 
      DX(1)=DXp(1) 
      DX(2)=DXp(2) 
       
      ACCX(1)=ACCXp(1) 
      ACCX(2)=ACCXp(1) 
       
      COUNT=1000 
 
c      WRITE(6,200) icount,X0i,Xmini 
c 200  FORMAT('icount = 'I2,/,'X0i =
 'I2,/,'Xmini = 'I2) 
  
!   CALL FUNMIN--------------------------------------
------ 
      CALL FUNMIN(FUN1,X,DX,N,ACCX,CONV,COUNT) 
 
!   STORE SOLUTIONS----------------------------------
------ 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xmini 
      AA(5,2+icount)=X0i 
      AA(6,2+icount)=Xminii 
      AA(7,2+icount)=X0ii  
 
      AA(8,2+icount)=SLrS 
      AA(9,2+icount)=SLrE 
       
      IF(CT .EQ. 1) THEN 
        IF(AA(4,2+icount) .LT. 6 .OR. AA(5,2+icount) 
.LT. 6) THEN 
        AA(10,2+icount)=1000*resSL 
        ELSE 
        AA(10,2+icount)=resSL 
        END IF 
      ELSE 
      AA(10,2+icount)=resSL 
      END IF 
       
      DO 64 i=1,EXPmax 
      AA(10+i,2+icount)=b(i) 
  64  CONTINUE 
 
!   Enzyme set (i) optimization----------------------
------ 
      GO TO 112 
 
 102  CALL rearrange_AA(AA,icount,EXPmax,enzi_ii) 
 
      gammai_ii=AA(3,3) 
      Xmini=AA(4,3) 
      X0i=AA(5,3) 
       
      XminiA(opri)=AA(4,3) 
      X0iA(opri)=AA(5,3) 
       
c      WRITE(6,202) opri,X0iA(opri),XminiA(opri) 
c 202  FORMAT(/,'opri = 'I2,/,'X0i =
 'I2,/,'Xmini = 'I2,/) 
       
      IF(opri .EQ. 1) GO TO 201 
 
!   DETERMINE & STORE OPTIMISED SOLUTION       
      IF (XminiA(opri) .EQ. XminiA(opri-1) .AND. 
     1 X0iA(opri) .EQ. X0iA(opri-1)) THEN 
      DO 204 i=1,Xmax*2 
      DO 205 j=4,Xmax*2 
      AA(i,j)=0 
 205  CONTINUE 
 204  CONTINUE 
      GO TO 140 
      END IF 
 
 201  CONTINUE 
 
 140  mingap=2 
      icount=1 
       
      X(1)=betai 
      X(2)=betaii 
      DX(1)=DXp(1) 
      DX(2)=DXp(2) 
       
      ACCX(1)=ACCXp(1) 
      ACCX(2)=ACCXp(1) 
       
      COUNT=1000 
 
!      WRITE(6,206) icount,X0i,Xmini 
! 206  FORMAT('Calculaing optimized solution',/, 
!     1 'icount = 'I2,/,'X0i = 'I2,/,'Xmini =
 'I2) 
 
      CALL FUNMIN(FUN1,X,DX,N,ACCX,CONV,COUNT) 
 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 HH 
 
      AA(4,2+icount)=Xmini 
      AA(5,2+icount)=X0i 
      AA(6,2+icount)=Xminii 
      AA(7,2+icount)=X0ii  
 
      AA(8,2+icount)=SLrS 
      AA(9,2+icount)=SLrE 
 
      AA(10,2+icount)=resSL 
       
      DO 203 i=1,EXPmax 
      AA(10+i,2+icount)=b(i) 
 203  CONTINUE 
 
!      WRITE(6,*) 'Optimized solution stored' 
 
!   Print optimized Xmin(i) & X0(i) guess------------
------ 
      WRITE(16,*) 'AC Wu, RG Gilbert, 
Biomacromolecules 11 3539 2010' 
      WRITE(16,*) 'AC Wu, MK Morell, RG Gilbert 
submitted 2013' 
      WRITE(16,*) '' 
      WRITE(16,31) EXPNAM 
  31  FORMAT('Fitting_single-lamella_CLD_of:
 ',40A1) 
      WRITE(16,*) 
'Trying_different_combinations_of_Xmin(i)_&_X0(i)' 
      CALL WRITE_SLsolution_mx(AA,icount,EXPmax) 
 
       
      enzi_ii=2 
      IF(CT .NE. 1) GO TO 251 
!   By-pass Enzyme set (ii) (SEC)--------------------
------ 
      IF (opii .EQ. 1) THEN 
!   By-pass Enzyme set (ii) optimization-------------
------ 
      icount=1 
      GO TO 250 
      END IF 
 
      DO 252 oprii=1,20 
      mingap=1 
!   FUNMIN SPECS-------------------------------------
------ 
      icount=0 
 254  IF (icount .EQ. 9) GO TO 255 
      icount=icount+1 
       
      IF (icount .EQ. 2) Xminii=Xminii-1 
      IF (icount .EQ. 3) Xminii=Xminii+2 
      IF (icount .EQ. 4) Xminii=Xminii-2 
      IF (icount .EQ. 4) X0ii=X0ii-1 
      IF (icount .EQ. 5) Xminii=Xminii+1 
      IF (icount .EQ. 6) Xminii=Xminii+1 
      IF (icount .EQ. 7) Xminii=Xminii-2 
      IF (icount .EQ. 7) X0ii=X0ii+2 
      IF (icount .EQ. 8) Xminii=Xminii+1 
      IF (icount .EQ. 9) Xminii=Xminii+1 
 
      X(1)=betai 
      X(2)=betaii 
      DX(1)=DXp(1) 
      DX(2)=DXp(2) 
       
      ACCX(1)=ACCXp(1) 
      ACCX(2)=ACCXp(1) 
       
      COUNT=1000 
 
!      WRITE(6,263) icount,X0ii,Xminii 
! 263  FORMAT('icount = 'I2,/,'X0ii =
 'I2,/,'Xminii = 'I2) 
  
!   CALL FUNMIN--------------------------------------
------ 
      CALL FUNMIN(FUN1,X,DX,N,ACCX,CONV,COUNT) 
 
!   STORE SOLUTIONS----------------------------------
------ 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xmini 
      AA(5,2+icount)=X0i 
      AA(6,2+icount)=Xminii 
      AA(7,2+icount)=X0ii  
 
      AA(8,2+icount)=SLrS 
      AA(9,2+icount)=SLrE 
       
      IF(CT .EQ. 1) THEN 
        IF(AA(6,2+icount) .LT. 6 .OR. AA(7,2+icount) 
.LT. 6) THEN 
        AA(10,2+icount)=1000*resSL 
        ELSE 
        AA(10,2+icount)=resSL 
        END IF 
      ELSE 
      AA(10,2+icount)=resSL 
      END IF 
 
!      WRITE(6,265) resSL 
! 265  FORMAT('resSL = ',E16.8) 
 
!      DO 267 i=1,EXPmax 
!      WRITE(6,266) i,EXPN(i),b(i) 
! 266  FORMAT(I4,' ',1p,E16.8,'
 ',1p,E16.8) 
! 267  CONTINUE 
 
      DO 253 i=1,EXPmax 
      AA(10+i,2+icount)=b(i) 
 253  CONTINUE 
 
!   Enzyme set (ii) optimization---------------------
------- 
      GO TO 254 
 
 255  CALL rearrange_AA(AA,icount,EXPmax,enzi_ii) 
 
      gammai_ii=AA(3,3) 
      Xminii=AA(6,3) 
      X0ii=AA(7,3) 
       
      XminiiA(oprii)=AA(6,3) 
      X0iiA(oprii)=AA(7,3) 
       
!      WRITE(6,256) oprii,X0iiA(oprii),XminiiA(oprii) 
! 256  FORMAT(/,'oprii = 'I2,/,'X0ii =
 'I2,/,'Xminii = 'I2,/) 
       
      IF(oprii .EQ. 1) GO TO 252 
 
!   DETERMINE & STORE OPTIMISED SOLUTION       
      IF (XminiiA(oprii) .EQ. XminiiA(oprii-1) .AND. 
     1 X0iiA(oprii) .EQ. X0iiA(oprii-1)) THEN 
      DO 258 i=1,Xmax*2 
      DO 257 j=4,Xmax*2 
      AA(i,j)=0 
 257  CONTINUE 
 258  CONTINUE 
      GO TO 264 
      END IF 
 
 252  CONTINUE 
 
 264  mingap=2 
      icount=1 
       
      X(1)=betai 
      X(2)=betaii 
      DX(1)=DXp(1) 
      DX(2)=DXp(2) 
       
      ACCX(1)=ACCXp(1) 
      ACCX(2)=ACCXp(1) 
       
      COUNT=1000 
 
!      WRITE(6,259) icount,X0ii,Xminii 
! 259  FORMAT('Calculaing optimized solution',/, 
!     1 'icount = 'I2,/,'X0ii = 'I2,/,'Xminii =
 'I2) 
 
      CALL FUNMIN(FUN1,X,DX,N,ACCX,CONV,COUNT) 
 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xmini 
      AA(5,2+icount)=X0i 
      AA(6,2+icount)=Xminii 
      AA(7,2+icount)=X0ii  
 
      AA(8,2+icount)=SLrS 
      AA(9,2+icount)=SLrE 
 
      AA(10,2+icount)=resSL 
       
      DO 260 i=1,EXPmax 
      AA(10+i,2+icount)=b(i) 
 260  CONTINUE 
 
!      WRITE(6,*) 'Optimized solution stored' 
 
!   Print optimized Xmin(i) & X0(i) guess------------
------ 
 250  WRITE(16,*) '' 
      WRITE(16,262) EXPNAM 
 262  FORMAT('Fitting_single-lamella_CLD_of:
 ',40A1) 
      WRITE(16,*) 
'Trying_different_combinations_of_Xmin(ii)_&_X0(ii)' 
      CALL WRITE_SLsolution_mx(AA,icount,EXPmax) 
       
 251  betai=X(1) 
      betaii=X(2) 
      gammai_ii=gamma 
 
      DO 268 i=1,EXPmax 
      b1(i)=b(i) 
 268  CONTINUE 
 
      DO 304 i=1,Xmax*2 
      DO 305 j=1,Xmax*2 
      AA(i,j)=0 
 305  CONTINUE 
 304  CONTINUE 
  
  
  
 
! CALCULATING TL 
CLD==================================================
========== 
      enzi_ii=1 
!   Prepare EXPN - SL CLD----------------------------
------ 
      DO 269 i=1,EXPmax 
      EXPN1(i)=EXPN(i)-b1(i) 
 269  CONTINUE 
 
!      WRITE(6,*) '' 
!      WRITE(6,*) 'X EXPN1' 
!      DO 270 i=1,EXPmax 
!      WRITE(6,10) DP(i),EXPN1(i) 
! 270  CONTINUE 
 
      EXPTLmax=EXPmax-TLstart+1 
      iTL=EXPTLmax 
 
      DO 271 i=1,EXPTLmax 
 II 
      EXPN1d(i)=EXPN1(TLstart+i-1) 
 271  CONTINUE 
 
      CALL maxv(EXPN1d,EXPTLmax,nmaxva) 
      cc=nmaxva 
 
!      WRITE(6,*) '' 
!      WRITE(6,*) 'X EXPN1d'  
      DO 272 i=1,EXPTLmax 
      EXPN1d(i)=EXPN1d(i)/nmaxva 
!      WRITE(6,10) DP(i),EXPN1d(i) 
 272  CONTINUE 
 
      DO 273 i=1,EXPTLmax 
      AA(10+i,1)=i 
      AA(10+i,2)=EXPN1d(i) 
 273  CONTINUE 
 
      TLrS=1 
      DO 274 i=1,15 
      IF(EXPN1d(i) .LT. 0.) TLrS=TLrS+1 
 274  CONTINUE 
 
      IF (CT .EQ. 1) THEN 
      N=2 
      ELSE 
      N=1 
      END IF 
 
!   By-pass enzyme set (iii) optimization------------
-------- 
      IF (opiii .EQ. 1) GO TO 275 
 
      DO 276 opriii=1,20 
      mingap=1 
!   FUNMIN SPECS-------------------------------------
------ 
      icount=0 
 277  IF (icount .EQ. 9) GO TO 278 
      icount=icount+1 
       
      IF (icount .EQ. 2) Xminiii=Xminiii-1 
      IF (icount .EQ. 3) Xminiii=Xminiii+2 
      IF (icount .EQ. 4) Xminiii=Xminiii-2 
      IF (icount .EQ. 4) X0iii=X0iii-1 
      IF (icount .EQ. 5) Xminiii=Xminiii+1 
      IF (icount .EQ. 6) Xminiii=Xminiii+1 
      IF (icount .EQ. 7) Xminiii=Xminiii-2 
      IF (icount .EQ. 7) X0iii=X0iii+2 
      IF (icount .EQ. 8) Xminiii=Xminiii+1 
      IF (icount .EQ. 9) Xminiii=Xminiii+1 
 
      IF (Xminiii .LT. 1 .OR. X0iii .LT. 1) THEN 
      resTL = 1000 
      GO TO 286 
      END IF 
 
      X(1)=betaiii 
      X(2)=betaiv 
      DX(1)=DXp(3) 
      DX(2)=DXp(4) 
       
      ACCX(1)=ACCXp(3) 
      ACCX(2)=ACCXp(4) 
       
      COUNT=1000 
 
!   CALL FUNMIN--------------------------------------
------ 
      CALL FUNMIN(FUN2,X,DX,N,ACCX,CONV,COUNT) 
 
!   STORE SOLUTIONS----------------------------------
------ 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xminiii 
      AA(5,2+icount)=X0iii 
      AA(6,2+icount)=Xminiv 
      AA(7,2+icount)=X0iv 
 
      AA(8,2+icount)=TLrS 
      AA(9,2+icount)=TLrE 
 
      DO 279 i=1,EXPTLmax 
      AA(10+i,2+icount)=b(i) 
 279  CONTINUE 
 
 286  AA(10,2+icount)=resTL 
!      WRITE(6,294) icount,X0iii,Xminiii,resTL 
! 294  FORMAT('icount = ',I2,' X0iii = ',I2,'
 Xminiii = ',I2, 
!     1 ' resTL = ',1p,E18.6) 
      
c      DO 308 i=1,EXPTLmax 
c      WRITE(6,307) i,EXPN1d(i),b(i) 
c 308  CONTINUE 
c 307  FORMAT(I4,' ',1p,E16.8,'
 ',1p,E16.8) 
 
!   Enzyme set (iii) optimization--------------------
-------- 
      GO TO 277 
 
 278  CALL rearrange_AA(AA,icount,EXPmax,enzi_ii) 
 
      gammaiii_iv=AA(3,3) 
      Xminiii=AA(4,3) 
      X0iii=AA(5,3) 
       
      XminiiiA(opriii)=AA(4,3) 
      X0iiiA(opriii)=AA(5,3) 
       
!      WRITE(6,*) 'opriii X0iii Xminiii' 
!      WRITE(6,280) 
opriii,X0iiiA(opriii),XminiiiA(opriii) 
!      WRITE(6,*) '' 
! 280  FORMAT(I2,' ',I2,' ',I2) 
       
      IF(opriii .EQ. 1) GO TO 276 
 
!   DETERMINE & STORE OPTIMISED SOLUTION       
      IF (XminiiiA(opriii) .EQ. XminiiiA(opriii-1) 
.AND. 
     1 X0iiiA(opriii) .EQ. X0iiiA(opriii-1)) THEN 
      GO TO 275 
      END IF 
 
 276  CONTINUE 
 
 275  mingap=2 
      icount=1 
       
      X(1)=betaiii 
      X(2)=betaiv 
      DX(1)=DXp(3) 
      DX(2)=DXp(4) 
       
      ACCX(1)=ACCXp(3) 
      ACCX(2)=ACCXp(4) 
       
      COUNT=1000 
 
!      WRITE(6,*) 'Calculating final solution' 
!      WRITE(6,283) icount,X0iii,Xminiii 
! 283  FORMAT('icount = ',I2,' X0iii = ',I2,'
 Xminiii = ',I2) 
 
      CALL FUNMIN(FUN2,X,DX,N,ACCX,CONV,COUNT) 
 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xminiii 
      AA(5,2+icount)=X0iii 
      AA(6,2+icount)=Xminiv 
      AA(7,2+icount)=X0iv 
 
      AA(8,2+icount)=TLrS 
      AA(9,2+icount)=TLrE 
 
      AA(10,2+icount)=resTL 
   
      DO 284 i=1,EXPTLmax 
      AA(10+i,2+icount)=b(i) 
 284  CONTINUE 
 
!      WRITE(6,*) 'Optimized solution stored' 
 
!   Print optimized Xmin(iii) & X0(iii) guess--------
---------- 
      WRITE(16,*) '' 
      WRITE(16,285) EXPNAM 
 285  FORMAT('Fitting_type-2_trans-lamella_CLD_of:
 ',40A1) 
      WRITE(16,*) 
'Trying_different_combinations_of_Xmin(iii)_&_X0(iii)
' 
      CALL WRITE_TLsolution_mx(AA,icount,EXPmax) 
!-==-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-
=-=-=-=-=-=-=-=-=-=-=-=+++++++++++++ 
 
      DO 281 i=1,Xmax*2 
      DO 282 j=4,Xmax*2 
      AA(i,j)=0 
 282  CONTINUE 
 281  CONTINUE 
  
      enzi_ii=2  
      IF(CT .NE. 1) GO TO 287 
!   By-pass Enzyme set (iv) (SEC)--------------------
------ 
      IF (opiv .EQ. 1) THEN 
!   By-pass Enzyme set (iv) optimization-------------
------ 
      icount=1 
      GO TO 288 
      END IF 
 
      DO 289 opriv=1,20 
      mingap=1 
!   FUNMIN SPECS-------------------------------------
------ 
      icount=0 
 291  IF (icount .EQ. 9) GO TO 290 
      icount=icount+1 
       
      IF (icount .EQ. 2) Xminiv=Xminiv-1 
      IF (icount .EQ. 3) Xminiv=Xminiv+2 
      IF (icount .EQ. 4) Xminiv=Xminiv-2 
      IF (icount .EQ. 4) X0iv=X0iv-1 
      IF (icount .EQ. 5) Xminiv=Xminiv+1 
      IF (icount .EQ. 6) Xminiv=Xminiv+1 
      IF (icount .EQ. 7) Xminiv=Xminiv-2 
      IF (icount .EQ. 7) X0iv=X0iv+2 
      IF (icount .EQ. 8) Xminiv=Xminiv+1 
      IF (icount .EQ. 9) Xminiv=Xminiv+1 
 
      IF (Xminiv .LT. 1 .OR. X0iv .LT. 1) THEN 
      resTL = 1000 
      GO TO 296 
      END IF 
 
      X(1)=betaiii 
      X(2)=betaiv 
      DX(1)=DXp(3) 
      DX(2)=DXp(4) 
       
      ACCX(1)=ACCXp(3) 
      ACCX(2)=ACCXp(4) 
       
      COUNT=1000 
  
!   CALL FUNMIN--------------------------------------
------ 
      CALL FUNMIN(FUN2,X,DX,N,ACCX,CONV,COUNT) 
 JJ 
 
!   STORE SOLUTIONS----------------------------------
------ 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xminiii 
      AA(5,2+icount)=X0iii 
      AA(6,2+icount)=Xminiv 
      AA(7,2+icount)=X0iv 
 
      AA(8,2+icount)=TLrS 
      AA(9,2+icount)=TLrE 
 
      DO 292 i=1,EXPmax 
      AA(10+i,2+icount)=b(i) 
 292  CONTINUE 
 
 296  AA(10,2+icount)=resTL 
!      WRITE(6,301) icount,X0iv,Xminiv,resTL 
! 301  FORMAT('icount = ',I2,' X0iv = ',I2,'
 Xminiv = ',I2, 
!     1 ' resTL = ',1p,E18.6) 
 
!   Enzyme set (iv) optimization---------------------
------- 
      GO TO 291 
       
 290  CALL rearrange_AA(AA,icount,EXPmax,enzi_ii) 
 
      gammaiii_iv=AA(3,3) 
      Xminiv=AA(6,3) 
      X0iv=AA(7,3) 
       
      XminivA(opriv)=AA(6,3) 
      X0ivA(opriv)=AA(7,3) 
       
!      WRITE(6,*) 'opriv X0iv Xminiv' 
!      WRITE(6,302) opriv,X0ivA(opriv),XminivA(opriv) 
!      WRITE(6,*) '' 
! 302  FORMAT(I2,' ',I2,' ',' ',I2) 
       
      IF(opriv .EQ. 1) GO TO 289 
 
!   DETERMINE & STORE OPTIMISED SOLUTION       
      IF (XminivA(opriv) .EQ. XminivA(opriv-1) .AND. 
     1 X0ivA(opriv) .EQ. X0ivA(opriv-1)) THEN 
      DO 297 i=1,Xmax*2 
      DO 298 j=4,Xmax*2 
      AA(i,j)=0 
 298  CONTINUE 
 297  CONTINUE 
      GO TO 293 
      END IF 
 
 289  CONTINUE 
 
 293  mingap=2 
      icount=1 
       
      X(1)=betaiii 
      X(2)=betaiv 
      DX(1)=DXp(3) 
      DX(2)=DXp(4) 
       
      ACCX(1)=ACCXp(3) 
      ACCX(2)=ACCXp(4) 
       
      COUNT=1000 
 
!      WRITE(6,*) 'Calculating final solution' 
!      WRITE(6,303) icount,X0iv,Xminiv 
! 303  FORMAT('icount = ',I2,' X0iv = ',I2,'
 Xminiv = ',I2) 
 
      CALL FUNMIN(FUN2,X,DX,N,ACCX,CONV,COUNT) 
 
      AA(1,2+icount)=X(1) 
      AA(2,2+icount)=X(2) 
      AA(3,2+icount)=gamma 
 
      AA(4,2+icount)=Xminiii 
      AA(5,2+icount)=X0iii 
      AA(6,2+icount)=Xminiv 
      AA(7,2+icount)=X0iv 
 
      AA(8,2+icount)=TLrS 
      AA(9,2+icount)=TLrE 
 
      AA(10,2+icount)=resTL 
       
      DO 299 i=1,EXPTLmax 
      AA(10+i,2+icount)=b(i) 
 299  CONTINUE 
 
!      WRITE(6,*) 'Optimized solution stored' 
 
!   Print optimized Xmin(i) & X0(i) guess------------
------ 
 288  WRITE(16,*) '' 
      WRITE(16,295) EXPNAM 
 295  FORMAT('Fitting_trans-lamella_CLD_of:
 ',40A1) 
      WRITE(16,*) 
'Trying_different_combinations_of_Xmin(iv)_&_X0(iv)' 
      CALL WRITE_SLsolution_mx(AA,icount,EXPmax) 
 
 287  betaiii=X(1) 
      betaiv=X(2) 
      gammaiii_iv=gamma 
 
      DO 300 i=1,EXPmax 
      b2(TLstart+i-1)=b(i) 
 300  CONTINUE 
       
      DO 306 i=1,EXPmax 
      AA(10+i,1)=i 
 306  CONTINUE 
       
       
!   Print final solution-----------------------------
------ 
      WRITE(6,*) 'AC Wu, RG Gilbert, 
Biomacromolecules 11 3539 2010' 
      WRITE(6,*) 'AC Wu, MK Morell, RG Gilbert 
submitted 2013' 
      WRITE(6,*) '' 
      IF(CT .EQ. 1) THEN 
      WRITE(6,141) EXPNAM 
 141  
FORMAT('Fitting_to_the_overall_experimental_CLD_(FACE
/HPAEC)_of: 
     1  ',40A1) 
      WRITE(6,13) 
     1 betai,X0i,Xmini, 
     1 betaii,X0ii,Xminii, 
     1 gammai_ii, 
     1 betaiii,X0iii,Xminiii, 
     1 betaiv,X0iv,Xminiv, 
     1 gammaiii_iv, 
     1 TLstart,cc 
 
  13  FORMAT( 
     1 'beta(i)  ',1p,E16.8,/,'X0i(i) 
 ',I2,/, 
     1 'Xmin(i)  ',I2,/, 
     1 'beta(ii)  ',1p,E16.8,/,'X0(ii) 
 ',I2,/, 
     1 'Xmin(ii)  ',I2,/, 
     1 'gamma(i,ii)  ',1p,E16.8,/, 
     1 'beta(iii) ',1p,E16.8,/,'X0i(iii) 
 ',I2,/, 
     1 'Xmin(iii) ',I2,/, 
     1 'beta(iv)  ',1p,E16.8,/,'X0(iv) 
 ',I2,/, 
     1 'Xmin(iv)  ',I2,/, 
     1 'gamma(iii,iv)  ',1p,E16.8,/, 
     1 'TLstart  ',I2,/,'h(iii/i) 
 ',1p,E16.8) 
 
      ELSE 
      WRITE(6,144) EXPNAM 
 144  
FORMAT('Fitting_to_the_overall_experimental_CLD_(SEC)
_of: 
     1  ',40A1) 
      WRITE(6,15) 
     1 betai,X0i,Xmini, 
     1 gammai_ii, 
     1 betaiii,X0iii,Xminiii, 
     1 gammaiii_iv, 
     1 TLstart,cc 
 
  15  FORMAT( 
     1 'beta(i)  ',1p,E16.8,/,'X0i(i) 
 ',I2,/, 
     1 'Xmin(i)  ',I2,/, 
     1 'gamma(i)  ',1p,E16.8,/, 
     1 'beta(iii) ',1p,E16.8,/,'X0i(iii) 
 ',I2,/, 
     1 'Xmin(iii) ',I2,/, 
     1 'gamma(iii)  ',1p,E16.8,/, 
     1 'TLstart  ',I2,/,'h(iii/i) 
 ',1p,E16.8) 
      END IF 
 
      WRITE(6,*) 'DP Overall_experimental_CLD 
     1 Overall_calculated_CLD' 
      DO 136 i=1,Xmax-10 
      b3(i)=b1(i)+cc*b2(i) 
      IF(INT(AA(10+i,1)) .EQ. 0) THEN 
      WRITE(6,*) '' 
      GO TO 136 
      END IF 
      WRITE(6,12) INT(AA(10+i,1)),EXPN(i),b3(i) 
 136  CONTINUE 
  12  FORMAT(I4,' ',1p,E16.8,' ',1p,E16.8) 
 
 
      CLOSE(13) 
      CLOSE(14) 
      CLOSE(15) 
      CLOSE(11) 
      CLOSE(17) 
      CLOSE(18) 
       
      CLOSE(12) 
       
      CLOSE(16) 
       
      STOP 
      END 
 
 
 
 
!     -1 
      Subroutine 
rearrange_AA(AA,icount,EXPmax,enzi_ii) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
 KK 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap,enzi_ii 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
      DO 621 i=3,icount+3-2 
      DO 620 j=i,icount+3-2 
      IF(AA(10,i) .LT. AA(10,j+1)) GO TO 620 
      DO 622 k=1,10+EXPmax 
      AAA(k)=AA(k,i) 
      AA(k,i)=AA(k,j+1) 
      AA(k,j+1)=AAA(k) 
 622  CONTINUE 
 620  CONTINUE 
 621  CONTINUE 
 
      IF(enzi_ii .EQ. 1) THEN 
        IF(AA(4,3).LT.AA(5,3) .AND. 
(AA(4,3)+AA(5,3)).EQ. 
     1   (AA(4,4)+AA(5,4)) .AND. 
AA(10,3).EQ.AA(10,4)) THEN 
        DO 623 k=1,10+EXPmax 
        AAA(k)=AA(k,3) 
        AA(k,3)=AA(k,4) 
        AA(k,4)=AAA(k) 
 623    CONTINUE 
        END IF 
      ELSE 
        IF(AA(6,3).LT.AA(7,3) .AND. 
(AA(6,3)+AA(7,3)).EQ. 
     1   (AA(6,4)+AA(7,4)) .AND. 
AA(10,3).EQ.AA(10,4)) THEN 
        DO 624 k=1,10+EXPmax 
        AAA(k)=AA(k,3) 
        AA(k,3)=AA(k,4) 
        AA(k,4)=AAA(k) 
 624    CONTINUE 
        END IF 
       
      END IF 
       
      RETURN 
      END 
 
 
!     0 
      Subroutine 
WRITE_SLsolution_mx(AA,icount,EXPmax) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
       
c      
OPEN(unit=16,file='Data_for_fitting_refinement.txt', 
c     1 status='unknown') 
 
      WRITE(16,510) (AA(1,j), j=3,icount+2) 
 510  FORMAT('beta(i)  ',30(1p,E16.8,'
 ')) 
      WRITE(16,513) (INT(AA(5,j)), j=3,icount+2) 
 513  FORMAT('X0(i)  ',30(I2,'
 ')) 
      WRITE(16,507) (INT(AA(4,j)), j=3,icount+2) 
 507  FORMAT('Xmin(i)  ',30(I2,'
 ')) 
 
      IF (CT .EQ. 1) THEN 
      WRITE(16,511) (AA(2,j), j=3,icount+2) 
 511  FORMAT('beta(ii)  ',30(1p,E16.8,'
 ')) 
      WRITE(16,515) (INT(AA(7,j)), j=3,icount+2) 
 515  FORMAT('X0(ii)  ',30(I2,'
 '))  
      WRITE(16,514) (INT(AA(6,j)), j=3,icount+2) 
 514  FORMAT('Xmin(ii)  ',30(I2,'
 ')) 
      END IF 
  
      IF (CT .EQ. 1) THEN 
      WRITE(16,512) (AA(3,j), j=3,icount+2) 
      ELSE 
      WRITE(16,518) (AA(3,j), j=3,icount+2) 
      END IF 
 512  FORMAT('gamma(i,ii)  ',30(1p,E16.8,'
 ')) 
 518  FORMAT('gamma(i)  ',30(1p,E16.8,'
 ')) 
 
      WRITE(16,516) (INT(AA(8,j)), j=3,icount+2) 
 516  FORMAT('SLrS  ',30(I2,'
 ')) 
      WRITE(16,517) (INT(AA(9,j)), j=3,icount+2) 
 517  FORMAT('SLrE  ',30(I2,'
 ')) 
      WRITE(16,508) (AA(10,j), j=3,icount+2) 
 508  FORMAT('Residual  ',30(1p,E16.8,'
 ')) 
 
      WRITE(16,551) (i, i=1,icount) 
 551  FORMAT('DP EXP ',30('Fit',I1,' ')) 
 
      DO 537 i=1,Xmax-10 
        IF(INT(AA(10+i,1)) .EQ. 0) THEN 
        WRITE(16,*) '' 
        GO TO 537 
        END IF 
      WRITE(16,503) INT(AA(10+i,1)),(AA(10+i,j), 
j=2,icount+2) 
 503  FORMAT(I4,' ',30(1p,E16.8,' ')) 
 537  CONTINUE 
  
  
c      CLOSE(16) 
  
      RETURN 
      END 
 
!     0.1 
      Subroutine 
WRITE_TLsolution_mx(AA,icount,EXPmax) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
 LL 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
      WRITE(16,510) (AA(1,j), j=3,icount+2) 
 510  FORMAT('beta(iii)  ',30(1p,E16.8,'
 ')) 
      WRITE(16,513) (INT(AA(5,j)), j=3,icount+2) 
 513  FORMAT('X0(iii)  ',30(I2,'
 ')) 
      WRITE(16,507) (INT(AA(4,j)), j=3,icount+2) 
 507  FORMAT('Xmin(iii)  ',30(I2,'
 ')) 
 
      IF(CT .EQ. 1) THEN 
      WRITE(16,511) (AA(2,j), j=3,icount+2) 
 511  FORMAT('beta(iv)  ',30(1p,E16.8,'
 ')) 
      WRITE(16,515) (INT(AA(7,j)), j=3,icount+2) 
 515  FORMAT('X0(iv)  ',30(I2,'
 '))  
      WRITE(16,514) (INT(AA(6,j)), j=3,icount+2) 
 514  FORMAT('Xmin(iv)  ',30(I2,'
 ')) 
      END IF 
 
      IF (CT .EQ. 1) THEN 
      WRITE(16,512) (AA(3,j), j=3,icount+2) 
      ELSE 
      WRITE(16,518) (AA(3,j), j=3,icount+2) 
      END IF 
 512  FORMAT('gamma(iii,iv) 
 ',30(1p,E16.8,' ')) 
 518  FORMAT('gamma(iii)  ',30(1p,E16.8,'
 ')) 
 
      WRITE(16,516) (INT(AA(8,j)), j=3,icount+2) 
 516  FORMAT('TLrS  ',30(I2,'
 ')) 
      WRITE(16,517) (INT(AA(9,j)), j=3,icount+2) 
 517  FORMAT('TLrE  ',30(I2,'
 ')) 
      WRITE(16,508) (AA(10,j), j=3,icount+2) 
 508  FORMAT('Residual  ',30(1p,E16.8,'
 ')) 
 
      WRITE(16,551) (i, i=1,icount) 
 551  FORMAT('DP Type-2_TL_CLD_(displaced)
 ',30('Fit',I1,' ')) 
 
      DO 537 i=1,Xmax-10 
        IF(i .GT. iTL) THEN 
        WRITE(16,*) '' 
        GO TO 537 
        END IF 
      WRITE(16,503) INT(AA(10+i,1)),(AA(10+i,j), 
j=2,icount+2) 
 503  FORMAT(I4,' ',30(1p,E16.8,' ')) 
 537  CONTINUE 
  
      RETURN 
      END 
 
 
!     1  
      DOUBLE PRECISION FUNCTION FUN1(X) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
      FUN1=0. 
      resSL=0. 
 
!      WRITE(6,*) '' 
!      WRITE(6,7) 
X(1),X(2),Xmini,X0i,Xminii,X0ii,SLrS,SLrE 
!   7  FORMAT('beta(i) = ',1p,E16.8,/,'beta(ii) =
 ',1p,E16.8,/, 
!     1 'Xmin(i) = ',I2,/,'X0(i) =
 ',I2,/,'Xmin(ii) = ',I2,/, 
!     1 'X0(ii) = ',I2,/,'SLrS = ',I2,/,'SLrE =
 ',I2) 
 
!      WRITE(6,*) '' 
!      WRITE(6,*) 'X EXPN' 
!      DO 22 i=1,100 
!      WRITE(6,10) i,EXPN(i) 
!  22  CONTINUE 
 
  10  FORMAT(I3,' ',1p,E16.8) 
 
      call 
minga(X(1),X(2),gamma,Xmini,Xminii,X0i,X0ii,b) 
 
      CALL maxv(b,80,nmaxva) 
       
      DO 2 i=1,XMAX 
      b(i)=b(i)/nmaxva 
   2  CONTINUE 
 
      CALL maxv(b,80,nmaxva) 
 
      DO 3 i=SLrS,SLrE 
      IF(i.GE.X0i+Xmini-2 .AND. i.GE.X0i+Xmini+2) 
THEN 
      FUN1=FUN1+10*wSL(i)*((1.-(b(i)/EXPN(i)))**2.) 
      ELSE 
      FUN1=FUN1+wSL(i)*((1.-(b(i)/EXPN(i)))**2.) 
      END IF 
 
      resSL=resSL+((1.-(b(i)/EXPN(i)))**2.) 
 
      IF (X(1) .LT. 0.) FUN1=FUN1+EXP(ABS(X(1))) 
      IF (X(2) .LT. 0.) FUN1=FUN1+EXP(ABS(X(2))) 
       
!      IF (b(SLrE) .GT .EXPN(SLrE)) 
!     1 FUN1=FUN1+EXP(b(SLrE)-EXPN(SLrE)) 
   3  CONTINUE 
 
!      WRITE(6,5) X(1),X(2),gamma 
!   5  FORMAT(E16.8,' ',1p,E16.8,' '1p,E16.8) 
!      WRITE(6,*) 'DP EXP CAL' 
!      DO 110 ,j=1,EXPmax 
!        WRITE(6,111) j,EXPN(j),b(j) 
! 111    FORMAT(I3,' ',1p,e16.8,'
 ',1p,e16.8) 
! 110  CONTINUE 
       
      RETURN 
      END 
 
!     2 
      DOUBLE PRECISION FUNCTION FUN2(X) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 MM 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
      common /tran4/ gamma 
      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
      FUN2=0. 
      resTL=0. 
 
!      WRITE(6,*) '' 
!      WRITE(6,7) 
X(1),X(2),Xminiii,X0iii,Xminiv,X0iv,TLrS,TLrE 
!   7  FORMAT('beta(iii) =
 ',1p,E16.8,/,'beta(iv) = ',1p,E16.8,/, 
!     1 'Xmin(iii) = ',I2,/,'X0(iii) =
 ',I2,/,'Xmin(iv) = ',I2,/, 
!     1 'X0(iv) = ',I2,/,'TLrS = ',I2,/,'TLrE =
 ',I2) 
 
!      WRITE(6,*) '' 
!      WRITE(6,*) 'X EXPN1d' 
!      DO 22 i=1,100 
!      WRITE(6,10) i,EXPN1d(i) 
!  22  CONTINUE 
 
  10  FORMAT(I3,' ',1p,E16.8) 
 
      call 
minga(X(1),X(2),gamma,Xminiii,Xminiv,X0iii,X0iv,b) 
 
      CALL maxv(b,80,nmaxva) 
       
      DO 2 i=1,XMAX 
      b(i)=b(i)/nmaxva 
   2  CONTINUE 
 
!      WRITE(6,*) '' 
!      WRITE(6,*) 'X b' 
!      DO 23 i=1,100 
!      WRITE(6,10) i,b(i) 
!  23  CONTINUE 
       
      DO 3 i=TLrS,TLrE 
!      IF (i.GE.X0iii .AND. i.LE.X0iii+Xminiii) THEN 
!      FUN2=FUN2+10*wTL(i)*((1.-
(b(i)/EXPN1d(i)))**2.) 
!      ELSE 
      FUN2=FUN2+wTL(i)*((1.-(b(i)/EXPN1d(i)))**2.) 
!      END IF 
       
      resTL=resTL+((1.-(b(i)/EXPN1d(i)))**2.) 
 
      IF (X(1) .LT. 0.) FUN2=FUN2+EXP(ABS(X(1))) 
      IF (X(2) .LT. 0.) FUN2=FUN2+EXP(ABS(X(2))) 
       
!      IF (b(TLrE) .GT .EXPN1d(TLrE)) 
!     1 FUN2=FUN2+EXP(b(TLrE)-EXPN1d(TLrE)) 
 
   3  CONTINUE 
 
!      WRITE(6,5) X(1),X(2),gamma 
!   5  FORMAT(E16.8,' ',1p,E16.8,' '1p,E16.8) 
!      WRITE(6,*) 'X EXP CAL' 
!      DO 110 ,j=1,EXPmax 
!        WRITE(6,111) j,EXPN1d(j),b(j) 
! 111    FORMAT(I3,' ',1p,e16.8,'
 ',1p,e16.8) 
! 110  CONTINUE 
       
      RETURN 
      END 
 
!     2.1 
      Subroutine maxv(b,nmax,nmaxva) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION b(1000),bb(1000),c,nmaxva 
      INTEGER nmax 
       
      DO 3 i=1,nmax 
      bb(i)=b(i) 
   3  CONTINUE 
       
      DO 1 i=1,nmax-1 
      DO 2 j=1,nmax-1 
      IF(bb(i) .GT. bb(j+1)) GO TO 2 
      c=bb(i) 
      bb(i)=bb(j+1) 
      bb(j+1)=c 
   2  CONTINUE 
   1  CONTINUE 
    
      nmaxva=bb(1) 
    
      RETURN 
      END 
 
!     3 
      Subroutine 
minga(beta1,beta2,gamma,Xmin1,Xmin2,X01,X02,b) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
       
      INTEGER mx 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
!      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
!      common /tran4/ gamma 
!      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
      IF (mingap .EQ. 1) THEN 
      mx=3 
      ELSE IF (mingap .EQ. 3) THEN 
      mx=5 
      ELSE 
      mx=11 
      END IF 
 
      algga = -1.5 
 
      DO 70 i=1,mx 
        IF(i .EQ. 1)  dlgga  = .1 
        IF(i .EQ. 2)  dlgga  = .03 
        IF(i .EQ. 3)  dlgga  = .01 
        IF(i .EQ. 4)  dlgga  = .003 
        IF(i .EQ. 5)  dlgga  = .001 
        IF(i .EQ. 6)  dlgga  = .0003 
        IF(i .EQ. 7)  dlgga  = .0001 
        IF(i .EQ. 8)  dlgga  = .00003 
        IF(i .EQ. 9)  dlgga  = .00001 
        IF(i .EQ. 10) dlgga  = .000003 
        IF(i .EQ. 11) dlgga  = .000001 
 
  80    DO 71 j=1,500 
          gamma=10.**algga 
!          WRITE(6,*) algga 
         
          call 
NofX(beta1,beta2,gamma,Xmin1,Xmin2,X01,X02,b) 
          IF (b(Norm) .LT. 0.) GO TO 72 
          GO TO 73 
  72      algga=algga+dlgga 
          GO TO 80 
  71    CONTINUE 
  73      algga=algga-dlgga 
 NN 
  70  CONTINUE 
 
      gamma=10.**algga 
 
      RETURN 
      END 
 
!     4 
      Subroutine 
NofX(beta1,beta2,gamma,Xmin1,Xmin2,X01,X02,b) 
      Implicit real*8 (a-h, o-z) 
      DOUBLE PRECISION A(1000,1000),b(1000) 
 
      DOUBLE PRECISION Bmask(1000),EXPX(1000),q 
      DOUBLE PRECISION AA(1000,1000),AAA(1000) 
      DOUBLE PRECISION b1(1000),b2(1000),b3(1000) 
       
      INTEGER DP(1000),EXPmax,EXPTLmax 
      DOUBLE PRECISION EXPNde(1000) 
       
      DOUBLE PRECISION 
EXPN(1000),EXPN1(1000),EXPN1d(1000) 
 
      DOUBLE PRECISION wSL(1000),wTL(1000) 
 
      DOUBLE PRECISION beta1,beta2 
      DOUBLE PRECISION betai,betaii,beteiii,betaiv 
      DOUBLE PRECISION gammai_ii,gammaiii_iv 
      DOUBLE PRECISION gamma 
       
      INTEGER Xmin1,Xmin2,X01,X02 
      INTEGER 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
       
      INTEGER XminiA(1000),X0iA(1000) 
 
      INTEGER Xmax,Norm 
      INTEGER icount,CT,op0,opi,opii,opiii,opiv 
       
      INTEGER opri,oprii,opriii,opriv 
      INTEGER mingap 
       
      INTEGER SLrS,SLrE,TLrS,TLrE,TLstart 
       
      INTEGER N,COUNT 
      DOUBLE PRECISION 
X(10),DX(10),ACCX(10),DXp(10),ACCXp(10) 
       
      INTEGER XmaxSEC,xpo 
      DOUBLE PRECISION xa(1000),ya(1000),ypo,mypo 
       
      DOUBLE PRECISION nmaxva 
       
      DOUBLE PRECISION resSL, resTL 
 
      CHARACTER label(16) 
      character DPNAM(3),EXPNAM(40) 
 
      common /tran1/ NP,N1,MP 
      common /tran2/ XMAX,Norm 
      common /tran6/ SLrS,SLrE,TLrS,TLrE,TLstart 
      common /tran5/ EXPN,EXPN1,EXPN1d 
      common /tran9/ wSL,wTL 
!      common /tran8/ 
Xmini,Xminii,Xminiii,Xminiv,X0i,X0ii,X0iii,X0iv 
!      common /tran4/ gamma 
!      common /tran7/ b 
      common /tran10/ resSL,resTL 
      common /tran11/ EXPNAM 
      common /tran12/ iTL,CT,mingap 
 
!      WRITE(6,*) 'In NofX' 
!      WRITE(6,*) 'i beta(i) Xmin(i) X0(i)' 
!      WRITE(6,40) 1,beta1,Xmin1,X01 
!  40  FORMAT(I1,' ',F11.8,' ',I2,'
 ',I2) 
!   
!      WRITE(6,41) 2,beta2,Xmin2,X02 
!  41  FORMAT(I1,' ',F11.8,' ',I2,'
 ',I2) 
!     
!      WRITE(6,43) XMAX,Norm 
!  43  FORMAT('XMAX  = 'I4,/,'Norm  = 'I4) 
 
!     Set all elements in all arrays to zero       
      DO 100 i=1,XMAX 
        b(i) =0. 
        DO 101 j=1,XMAX 
          A(i,j)=0. 
101     continue 
100   continue 
 
!     Setting up arrays 
      DO 52 i=1,XMAX 
 
!     SS 
        IF (i.GT.1) A(i,i-1) = 1. 
        A(i,i) = -1. 
 
!     SBE1 
        IF (i.GE.XMIN1+X01) A(i,i)=A(i,i)-beta1 
         
        DO 53 j=i+Xmin1,XMAX 
         IF (i.GE.X01) A(i,j)=A(i,j)+(beta1/(DBLE(j-
Xmin1-X01+1))) 
  53    CONTINUE 
 
        DO 54 j=i+X01,XMAX 
          IF (i.GE.Xmin1) 
A(i,j)=A(i,j)+(beta1/(DBLE(j-XMIN1-X01+1))) 
  54    CONTINUE 
 
!     SBE2 
        IF (i.GE.XMIN2+X02) A(i,i)=A(i,i)-beta2 
         
        DO 55 j=i+Xmin2,XMAX 
         IF (i.GE.X02) A(i,j)=A(i,j)+(beta2/(DBLE(j-
Xmin2-X02+1))) 
  55    CONTINUE 
 
        DO 56 j=i+X02,XMAX 
          IF (i.GE.Xmin2) 
A(i,j)=A(i,j)+(beta2/(DBLE(j-XMIN2-X02+1))) 
  56    CONTINUE 
 
!     DBE12 
        IF(i.GE.1) A(i,i) =A(i,i)-gamma 
  52  CONTINUE 
 
!     Replace row Norm with normalization 
        DO 80 j=1,XMAX 
          A(Norm,j)=1. 
  80    CONTINUE 
        b(Norm)=1. 
 
      CALL GAUSSJ(A,XMAX,NP,B,N1,MP) 
      RETURN 
      END 
 
 
 
!----------------------------------------------------
------------ 
      SUBROUTINE GAUSSJ(A,N,NP,B,M,MP) 
!  Lin Eqn solver - gauss-Jordan elimination 
!  Numerical Recipes (C) ch 2. 
! on Input:  A= matrix (NP x NP); B = vector (M=1) 
! on Output: A = inverse;         B = solution 
      PARAMETER (NMAX=1000) 
      Implicit real*8 (a-h, o-z) 
!      Real*8 
A(NP,NP),B(NP,MP),IPIV(NMAX),INDXR(NMAX),INDXC(NMAX) 
      Real*8 A(1000,1000),B(1000,1) 
      dimension IPIV(1000),INDXR(1000),INDXC(1000) 
      DO 11 J=1,N 
        IPIV(J)=0 
11    CONTINUE 
      DO 22 I=1,N 
        BIG=0. 
        DO 13 J=1,N 
          IF(IPIV(J).NE.1)THEN 
            DO 12 K=1,N 
              IF (IPIV(K).EQ.0) THEN 
                IF (ABS(A(J,K)).GE.BIG)THEN 
                  BIG=ABS(A(J,K)) 
                  IROW=J 
                  ICOL=K 
                ENDIF 
              ELSE IF (IPIV(K).GT.1) THEN 
                PAUSE 'Singular matrix' 
              ENDIF 
12          CONTINUE 
          ENDIF 
13      CONTINUE 
        IPIV(ICOL)=IPIV(ICOL)+1 
        IF (IROW.NE.ICOL) THEN 
          DO 14 L=1,N 
            DUM=A(IROW,L) 
            A(IROW,L)=A(ICOL,L) 
            A(ICOL,L)=DUM 
14        CONTINUE 
          DO 15 L=1,M 
            DUM=B(IROW,L) 
            B(IROW,L)=B(ICOL,L) 
            B(ICOL,L)=DUM 
15        CONTINUE 
        ENDIF 
        INDXR(I)=IROW 
        INDXC(I)=ICOL 
        IF (A(ICOL,ICOL).EQ.0.) PAUSE 'Singular 
matrix.' 
        PIVINV=1./A(ICOL,ICOL) 
        A(ICOL,ICOL)=1. 
        DO 16 L=1,N 
          A(ICOL,L)=A(ICOL,L)*PIVINV 
16      CONTINUE 
        DO 17 L=1,M 
          B(ICOL,L)=B(ICOL,L)*PIVINV 
17      CONTINUE 
        DO 21 LL=1,N 
          IF(LL.NE.ICOL)THEN 
            DUM=A(LL,ICOL) 
            A(LL,ICOL)=0. 
            DO 18 L=1,N 
              A(LL,L)=A(LL,L)-A(ICOL,L)*DUM 
18          CONTINUE 
            DO 19 L=1,M 
              B(LL,L)=B(LL,L)-B(ICOL,L)*DUM 
19          CONTINUE 
          ENDIF 
21      CONTINUE 
22    CONTINUE 
      DO 24 L=N,1,-1 
        IF(INDXR(L).NE.INDXC(L))THEN 
          DO 23 K=1,N 
            DUM=A(K,INDXR(L)) 
            A(K,INDXR(L))=A(K,INDXC(L)) 
            A(K,INDXC(L))=DUM 
23        CONTINUE 
        ENDIF 
24    CONTINUE 
      RETURN 
      END 
 
      SUBROUTINE FUNMIN(FUN,X,DX,N,ACCX,CONV,COUNT) 
      IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      INTEGER N,int1,int2 
      DOUBLE PRECISION X(20),DX(20),ACCX(20) 
       LOGICAL CONV                                                      
!****************************************************
******************* 
!                                                                        
!      SUBROUTINE FUNMIN                                                 
!                                                                        
!      PURPOSE                                                           
!           MINIMISE A FUNCTION OF N VARIABLES 
!                                                                        
!      USAGE                                                             
 OO 
!         CALL FUNMIN(FUN,X,DX,N,ACCX,CONV,COUNT) 
!                                                                        
!      DESCRIPTION OF PARAMETERS                                         
!         FUN  - NAME OF FUNCTION FUN(X) TO BE 
MINIMIZED                 
!                (requires EXTERNAL statement in main 
program) 
!         X    - INPUT VECTOR OF N INITIAL VALUES OF 
VARIABLES           
!                OUTPUT VECTOR OF VARIABLES 
CORRESPONDING TO THE         
!                MINIMUM VALUE OF FUN                                    
!         DX   - INPUT VECTOR OF N INITIAL INCREMENTS 
OF VARIABLES. 
!                OUTPUT VECTOR OF SUITABLY ALTERED 
STEP SIZES FOR RE-ENTRY. 
!         N    - THE NUMBER OF VARIABLES  (TYPE 
INTEGER)                 
!         ACCX - INPUT VECTOR SPECIFYING MAX 
TOLERABLE RANGE OF EACH VARIABLE. 
!                WHEN THE RANGES ALL FALL TO LESS 
THAN THESE LIMITS, THE 
!                MINIMISATION IS ASSUMED TO HAVE 
CONVERGED. 
!         CONV - LOGICAL OUTPUT VARIABLE WHOSE VALUE 
IS ONLY .TRUE. IF 
!                RANGE OF EACH VARIABLE IS LESS THAN 
CORRESPONDING COMPONENT 
!                OF "ACCX". 
!         COUNT- INTEGER INPUT VARIABLE CONTAINING 
THE MAXIMUM NUMBER OF 
!                FUNCTION EVALUATIONS ALLOWED. 
!                                                                        
!      REMARKS                                                           
!         CALLING PROGRAM MUST SPECIFY                                   
!                EXTERNAL FUNCTION NAME                                  
!                                                                        
!      SUBROUTINES REQUIRED                                              
!         REPLAS - SUPPLIED                                              
!         NEW    - SUPPLIED                                              
!                                                                        
!      METHOD                                                            
!         DESCRIBED IN "A SIMPLEX METHOD FOR FUNCTION 
MINIMISATION"      
!                BY J.A. NELDER AND R. MEAD, COMPUTER 
JOURNAL VOL 7      
!                1965, P. 308. A FLOW CHART IS 
SUPPLIED FROM WHICH THIS  
!                SUBROUTINE IS CONSTRUCTED.                              
!                                                                        
!      MODIFIED 
!         CONVERGENCE CRITERION ALTERED TO USE "ACCX" 
VECTOR, 
!         BY D.HERBISON-EVANS    4 DEC 1972 
! 
!                                                                        
! 
!   LATEST UPDATE:  14 march 1989 (A R WHYTE) - 
elimination of 
!   numerical arguments  
!                                         in 
subroutine & function calls 
! 
      DOUBLE PRECISION XS(20),XSS(20) 
      COMMON /BLOK1/ YS,YSS 
      COMMON /BLOK2/ Y(20),VHI 
      COMMON/BLOK4/ XX(21,20) 
      COMMON /LOT/ J 
       INTEGER V, COUNT, VLO, VNHI  ,VHI                                
      INTEGER FUNEV 
      int1=1 
      int2=2 
! 
!   IF MORE THAN 4 VARIABLES ARE TO BE MINIMISED THEN 
/BLOK4/ 
!   WILL HAVE TO BE ALTERED. 
! 
      IF (N.GT. 20) WRITE(6,122) 
  122 FORMAT(//15H1"N" IS TOO BIG) 
      IF (N.GT. 20) STOP 
       J = N                                                             
!                                                                        
!  FIND (N+1) INITIAL SIMPLEX VERTICES, GIVING (N+1) 
ESTIMATES OF FUN    
!                                                                        
      FUNEV=0 
      DO 110 V = 1,N                                                     
       X(V) = X(V) + DX(V)                                               
      DO 100 I = 1,N                                                     
  100  XX(V,I) = X(I)                                                    
      Y(V) = FUN(X) 
      FUNEV=FUNEV+1 
      X(V) = X(V) - DX(V)                                                
  110  CONTINUE                                                          
      DO 115 I = 1,N                                                     
  115  XX(N+1,I) = X(I)                                                  
      Y(N+1) = FUN(X) 
      FUNEV=FUNEV+1 
       NONG = N + 1                                                      
!                                                                        
!  FIND VERTICES GIVING HIGHEST(YHI), NEXT HIGHEST 
(YNHI) AND LOWEST     
!  (YLO) ESTIMATES                                                       
!                                                                        
  120  YLO = 1.0E20                                                      
       YHI = -YLO                                                        
      DO 140 V = 1,NONG                                                  
       YV = Y(V)                                                         
       IF (YV.GE. YLO) GOTO 130 
       YLO=YV 
       VLO=V 
  130  IF (YV.LE.YHI) GOTO 140 
       YHI=YV 
       VHI=V 
  140 CONTINUE 
       YNHI=YLO 
      DO 150 V=1,NONG 
      YV=Y(V) 
       IF (V .EQ. VHI .OR. YNHI .GE. YV) GOTO 150                        
      YNHI = YV                                                          
       VNHI = V                                                          
  150  CONTINUE                                                          
!                                                                        
!  REFLECT HIGHEST ESTIMATE IN CENTROID OF REMAINING 
VERTICES TO         
!  OBTAIN A NEW ESTIMATE YS AT VERTEX PS                                 
!                                                                        
      DO 160 I = 1,N                                                     
  160  XSS(I) = XX(VHI,I)                                                
      arw1=2.0d0 
      arw2=-1.0d0 
      CALL NEW(XS,VHI,arw1,arw2,XSS) 
      YS = FUN(XS) 
      FUNEV=FUNEV+1 
!                                                                        
!  IF YS IS L5SS THAN YLO, EXPAND FURTHER FOR ANOTHER 
ESTIMATE YSS       
!                                                                       
       IF (YS .GE. YLO) GOTO 190                                      
      arw1=-2.0d0 
      arw2=3.0d0 
      CALL NEW(XSS,VHI,arw1,arw2,XS) 
      YSS = FUN(XSS) 
      FUNEV=FUNEV+1 
       IF (YSS - YLO) 240, 250, 250                                    
!                                                                    
!  EXPANDED ESTIMATE IS UNSATISFACTORY. CONTRACT FOR 
A NEW ESTIMATE     
!                                                                
  190  IF (YS .LE. YNHI) GOTO 250                                
       IF (YS .GE. YHI) GOTO 200                                    
      CALL REPLAS(int1,XS) 
       YHI = YS                                                   
  200  DO 210 I = 1,N                                              
  210  XS(I) = XX(VHI,I)                                            
      arw1=0.5d0 
      arw2=0.5d0 
      CALL NEW(XSS,VHI,arw1,arw2,XS) 
      YSS = FUN(XSS) 
      FUNEV=FUNEV+1 
!                                                                
!  IF YSS IS STILL NOT LESS THAN YLO, REPLACE ALL 
VALUES BY AN     
!  "AVERAGE" 
!                                                             
       IF (YSS .LE.YHI) GOTO 240                                         
      DO 230 V = 1,NONG                                              
      DO 220 I = 1,N                                                
       DUM = 0.5*(XX(V,I) + XX(VLO,I))                               
       XX(V,I) = DUM                                              
       XS(I) = DUM                                                    
  220  CONTINUE                                                  
       IF (V .EQ. VLO) GOTO 230                                    
      Y(V) = FUN(XS) 
      FUNEV=FUNEV+1 
  230  CONTINUE                                                 
       GOTO 260                                                 
  240 CALL REPLAS (int2,XSS) 
       GOTO 260                                                   
  250 CALL REPLAS(int1,XS) 
!                                                               
!  INCREASE REPLACEMENT COUNT AND CHECK STANDARD 
DEVIATION FOR    
!  CONVERGENCE                                                  
!                                                                 
  260 YS=0 
       YSS = 0.0                                                  
      DO 270 V = 1, NONG                                           
       YV = Y(V)                                                   
       YS = YS + YV                                               
       YSS = YSS + YV*YV                                             
  270  CONTINUE                                                 
       ANON = NONG                                                
!                                                               
!  FIND STANDARD DEVIATION OF VARIABLES SPECIFYING 
THE BEST (N+1)   
!  ESTIMATES OF FUN AND STORE IN DX                              
!                                                                
      DO 290 I = 1,N                                             
       YS = 0.0                                               
       YSS = 0.0                                                
      DO 280 V = 1,NONG                                            
       XXVI = XX(V,I)                                                
       YS = YS + XXVI                                               
       YSS = YSS + XXVI*XXVI                                      
  280  CONTINUE                                              
       DX(I) = DSQRT(ABS(YSS/ANON -(YS/ANON)**2))         
  290  CONTINUE                                                  
      CONV=.TRUE. 
      DO 129 I=1,N 
      CONV= CONV .AND. (DX(I).LT.ACCX(I)) 
  129 CONTINUE 
! 
!   IF COUNT NOT EXCEEDED AND NOT CONVERGERD - 
ITERATE. 
      IF (.NOT.CONV.AND.(FUNEV.LT.COUNT)) GOTO 120 
      IF(.NOT. CONV) WRITE(6,10) 
   10 FORMAT(14H0NOT CONVERGED) 
!      IF (CONV) WRITE(6,11) 
   11 FORMAT(10H0CONVERGED) 
! 
!  PLACE VARIABLES FOR MINIMUN FUN IN X 
! 
      YLO=1.0E20 
      DO 310 V = 1,NONG                                   
       YV = Y(V)                                            
       IF (YLO .LE.YV) GOTO 310                               
       YLO = YV                                                 
      DO 300 I = 1,N                                           
  300  X(I) = XX(V,I)                                        
  310  CONTINUE                                               
!                                                          
!  EXIT WITH ARRAY X CONTAINING THE PARAMETERS FOR 
MINIMUM FUN, AND 
!  ARRAY DX CONTAINING SUITABLE STEP SIZES FOR RE-
ENTRY TO FUNMIN IF REQD. 
!                                                          
      RETURN                                                  
 PP 
      END 
      SUBROUTINE NEW(ANEWX,NDUDV,CBAR,CI,XI) 
      IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      COMMON/BLOK4/XX(21,20) 
      COMMON /LOT/ N 
      DIMENSION ANEWX(20),XI(20) 
       INTEGER V                                             
       NUT = N  + 1                                          
       AN = N                                                   
      DO 30 I = 1,N                                          
       XBAR = 0.0                                             
      DO 20 V = 1,NUT                                      
   20  IF (V .NE. NDUDV) XBAR = XBAR + XX(V,I)                     
       XBAR = XBAR/AN                                        
       ANEWX(I) = XBAR*CBAR + XI(I)*CI                        
   30  CONTINUE                                           
      RETURN                                                 
      END 
      SUBROUTINE REPLAS(NSTAR,ANEWX) 
      IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
      COMMON /BLOK1/ YS,YSS 
      COMMON/BLOK2/ Y(20),VHI 
      COMMON/BLOK4/ XX(21,20) 
      COMMON /LOT/ N 
      DIMENSION ANEWX(20) 
       INTEGER VHI                                             
      DO 10 I = 1,N                                         
   10  XX(VHI,I) =ANEWX(I)                                      
       IF (NSTAR .EQ. 1) GOTO 20                               
       Y(VHI) = YSS                                           
       GO TO 30                                                 
   20  Y(VHI) = YS                                            
   30 RETURN                                                 
      END 
 QQ 
Chapter 4 
 
Figure S4.1. Fitting a representative number CLD of amylopectin branches. Red triangles: the 
branches synthesized by enzyme-set (i) covering the short branches confined in one crystalline 
lamella, and some of the long branches spanning through multiple crystalline lamellae. Green 
squares: the branches synthesized by enzyme-set (ii) covering the rest of the long branches spanning 
through multiple crystalline lamellae. The experimental and fitted SEC number CLDs are shown by 
black and blue lines, respectively. 
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Table S4.1. Structural param
eters obtained from
 SEC
 w
eight C
LD
s of debranched barley, sorghum
, and rice starches. a 
Species 
V
arieties 
A
m
ylose 
content  
(%
) 
D
P of peak m
axim
um
 in SEC
 w
eight m
olecular size distribution 
of debranched starch 
H
eight of peak m
axim
um
 in SEC
 w
eight m
olecular size 
distribution of debranched starch as ratio to A
P1 peak 
height 
X
A
P1  
X
A
P2  
X
A
M
1  
X
A
M
2  
h
A
P2/A
P1  
h
A
M
1/A
P1  
h
A
M
2/A
P1  
B
arley 
M
ackay 
31.0 ± 0.3 ab 
21.1 ± 0.0 a 
40.1 ± 0.4 a 
- 
2750 ± 198 a 
0.643 ± 0.007 a-c 
- 
0.234 ± 0.008 a-c 
N
D
19119-5 
31.3 ± 0.8 ab 
20.9 ± 0.1 a-c 
39.6 ± 0.0 a 
- 
2875 ± 64 a 
0.633 ± 0.008 a-c 
- 
0.236 ± 0.008 ab 
Shepherd 
32.3 ± 0.1 a 
21.1 ± 0.2 a 
39.1 ± 0.6 a 
- 
2730 ± 226 a 
0.639 ± 0.001 a-c 
- 
0.252 ± 0.001 a 
N
D
18076 
30.1 ± 0.5 b 
21.1 ± 0.3 a 
40.2 ± 0.8 a 
- 
2905 ± 35 a 
0.624 ± 0.023 bc 
- 
0.220 ± 0.003 bc 
Schooner 
29.8 ± 0.5 b 
21.0 ± 0.1 ab 
39.1 ± 0.5 a 
- 
2875 ± 120 a 
0.630 ± 0.013 a-c 
- 
0.216 ± 0.006 c 
Sorghum
 
B
296 
27.2 ± 0.0 c 
20.2 ± 0.1 cd 
38.9 ± 0.5 ab 
271 ± 18 b 
1550 ± 71 c 
0.669 ± 0.014 a 
0.148 ± 0.004 a 
0.155 ± 0.004 d 
IC
SV
400 
25.9 ± 0.3 cd 
20.5 ± 0.3 a-d 
39.2 ± 0.0 a 
275 ± 5 b 
1560 ± 28 c 
0.663 ± 0.012 ab 
0.134 ± 0.001 ab 
0.146 ± 0.001 d 
B
Tx3054 
25.9 ± 0.1 cd 
20.3 ± 0.3 b-d 
39.3 ± 0.1 a 
273 ± 13 b 
1655 ± 106 bc 
0.663 ± 0.012 ab 
0.130 ± 0.005 bc 
0.148 ± 0.000 d 
R
Tx2737 
26.9 ± 0.0 c 
20.3 ± 0.2 cd 
38.7 ± 0.6 a-c 
278 ± 17 b 
1540 ± 85 c 
0.649 ± 0.018 a-c 
0.141 ± 0.002 ab 
0.148 ± 0.004 d 
S10 
24.7 ± 1.0 d 
19.9 ± 0.1 de 
38.9 ± 0.0 a 
297 ± 13 ab 
1775 ± 120 bc 
0.637 ± 0.006 a-c 
0.116 ± 0.004 c 
0.136 ± 0.007 d 
R
ice 
N
ipponbare 
14.6 ± 0.0 h 
19.2 ± 0.1 f 
38.9 ± 0.1 a 
296 ± 11 ab 
1440 ± 85 c 
0.665 ± 0.013 ab 
0.068 ± 0.002 e 
0.075 ± 0.000 g 
Y
R
I08-04-10 
21.2 ± 0.3 e 
19.2 ± 0.0 ef 
37.3 ± 0.1 bc 
317 ± 0 ab 
1665 ± 92 bc 
0.616 ± 0.001 c 
0.089 ± 0.001 d 
0.111 ± 0.003 e 
Y
R
J08-03-13 
19.8 ± 0.4 ef 
19.2 ± 0.1 ef 
37.1 ± 0.1 c 
291 ± 15 ab 
1785 ± 49 bc 
0.662 ± 0.008 ab 
0.091 ± 0.001 d 
0.104 ± 0.003 ef 
Y
R
A
08-03-10 
17.5 ± 0.1 g 
19.1 ± 0.2 f 
37.2 ± 0.3 c 
332 ± 2 a 
2100 ± 184 b 
0.653 ± 0.001 a-c 
0.071 ± 0.002 e 
0.092 ± 0.002 fg 
Y
R
D
08-05-05 
18.6 ± 0.6 fg 
18.9 ± 0.0 f 
37.2 ± 0.3 c 
317 ± 4 ab 
1740 ± 113 bc 
0.640 ± 0.001 a-c 
0.079 ± 0.001 de 
0.101 ± 0.006 ef 
a M
ean ± standard deviation is calculated from
 duplicate m
easurem
ents: “-” m
eans the param
eter cannot be identified, as the peak is too sm
all and/or 
broad to determ
ine the local m
axim
um
, w
hich appears as a shoulder of the adjacent larger peak. V
alues w
ith different letters in the sam
e colum
n are 
significantly different at p < 0.05. 
 
 
 
SS 
Table S4.2. Param
eters obtained from
 fitting the num
ber C
LD
s of barley, sorghum
, and rice starches to the m
athem
atical m
odel. a  
  
V
arieties 
β
1  
β
2  
h
(ii,i)  
B
arley 
M
ackay 
0.0829 ± 0.0006 f 
0.0525 ± 0.0007 d 
0.0271 ± 0.0005 e 
N
D
19119-5 
0.0840 ± 0.0009 ef 
0.0531 ± 0.0011 d 
0.0263 ± 0.0001 e 
Shepherd 
0.0860 ± 0.0009 c-f 
0.0530 ± 0.0015 d 
0.0280 ± 0.0002 e 
N
D
18076 
0.0859 ± 0.0018 c-f 
0.0543 ± 0.0014 b-d 
0.0274 ± 0.0008 e 
Schooner 
0.0859 ± 0.0001 c-f 
0.0533 ± 0.0017 cd 
0.0276 ± 0.0007 e 
Sorghum
 
B
296 
0.0854 ± 0.0020 d-f 
0.0529 ± 0.0020 d 
0.0394 ± 0.0006 bc 
IC
SV
400 
0.0842 ± 0.0013 ef 
0.0562 ± 0.0008 a-d 
0.0372 ± 0.0003 cd 
B
Tx3054 
0.0841 ± 0.0017 ef 
0.0565 ± 0.0016 a-d 
0.0376 ± 0.0004 cd 
R
Tx2737 
0.0845 ± 0.0012 d-f 
0.0545 ± 0.0002 b-d 
0.0360 ± 0.0009 d 
S10 
0.0927 ± 0.0002 ab 
0.0573 ± 0.0006 a-d 
0.0409 ± 0.0006 ab 
R
ice 
N
ipponbare 
0.0885 ± 0.0007 b-e 
0.0554 ± 0.0003 b-d 
0.0385 ± 0.0010 b-d 
Y
R
I08-04-10 
0.0970 ± 0.0007 a 
0.0605 ± 0.0002 ab 
0.0426 ± 0.0002 a 
Y
R
J08-03-13 
0.0906 ± 0.0018 bc 
0.0598 ± 0.0009 a-c 
0.0386 ± 0.0016 b-d 
Y
R
A
08-03-10 
0.0895 ± 0.0019 b-d 
0.0624 ± 0.0012 a 
0.0367 ± 0.0008 cd 
Y
R
D
08-05-05 
0.0960 ± 0.0012 a 
0.0584 ± 0.0048 a-d 
0.0407 ± 0.0001 ab 
a M
ean ± standard deviation is calculated from
 duplicate m
easurem
ents. V
alues w
ith different letters in the sam
e colum
n are significantly different at p 
< 0.05. 
 TT 
Table S4.3. Digestion rate coefficient (k) of starch samples. a 
Samples k / min–1 
Barley - Mackay 0.0208 ± 0.0008 a 
Barley - D19119-5 0.0216 ± 0.0025 a 
Barley - Shepherd 0.0212 ± 0.0008 a 
Barley - ND18076 0.0224 ± 0.0033 a 
Barley - New schooner 0.0206 ± 0.0013 a 
Sorghum - B296 0.0197 ± 0.0001 a 
Sorghum - ICSV400 0.0209 ± 0.0006 a 
Sorghum - BTx3054 0.0207 ± 0.0009 a 
Sorghum - RTx2737 0.0226 ± 0.0024 a 
Sorghum - S10 0.0222 ± 0.0029 a 
Rice - YRI08-04-10 0.0203 ± 0.0006 a 
Rice - YRJ08-03-13 0.0189 ± 0.0001 a 
Rice - YRA08-03-10 0.0209 ± 0.0009 a 
Rice - YRD08-05-05 0.0201 ± 0.0002 a 
Rice - Nipponbare 0.0232 ± 0.0012 a 
Maize 0.0236 ± 0.0047 a 
Wheat 0.0201 ± 0.0010 a 
Field Pea 0.0209 ± 0.0002 a 
Cow Pea 0.0204 ± 0.0009 a 
Sweet potato 0.0221 ± 0.0006 a 
Potato 0.0209 ± 0.0011 a 
a Mean ± standard deviation is calculated from duplicate measurements. Values with different 
letters in the same column are significantly different at p < 0.05. 
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Figure S5.1. Arabidopsis transient starch CLDs. The insert is an enlarged view of the 
first 20 X. X is the symbol for degree of polymerization. Sources: [1] (unfilled 
squares); [2] (unfilled triangles); [3] (unfilled diamonds); [4] (filled circles); [5] 
(crosses); [6] (upright crosses). 
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Figure S5.2. The full list of eigenvalues as mentioned in Figure 5.3. 
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Figure S6.1. SEC weight distribution (arbitrarily normalized to the same maximum) as functions 
of degree of polymerization, X, of the constituent branches of the branched glucan product after 
incubation with different mSBEIIa for different times. (A) control, (B) wild-type mSBEIIa, (C) 
Y332F, (D) E493D, (E) S329F, (F) R343K, and (G) R436K. Black, blue, red, green, and purple 
lines are for CLDs after 0, 3, 6, 9, and 24 h incubation, respectively. 
 
